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The evolution of oxide inclusion size distribution and the shape of the distribution 
during steelmaking and casting and the process variables that influence the inclusion 
characteristics at different stages were investigated and documented. A statistical method 
for transforming the 2D size distribution to their actual 3D distributions and the application 
of a kinetic model to determine nucleation and growth mechanisms were tested. Finally, 
laboratory experiments were performed to study the effects of preexisting inclusions, steel 
active oxygen content, and supersaturation on the size and morphology of Al2O3 inclusions. 
The inclusion size, composition, and morphology following steel deoxidation were 
found to depend on the steel conditions during deoxidation, and the method/sequence of 
deoxidant addition. The oxide size distribution evolved from lognormal to fractal and the 
distribution shape was quadratic or linear on a log-log plot. The distribution shape was 
preserved on both 2D and 3D analysis and used to identify new and aged inclusion 
populations. The Schwartz-Saltykov method for converting 2D data to 3D was found to be 
inadequate and the applied kinetic model could not explain certain observed trends. Finally, 
results from the laboratory study showed the oxide inclusion transformations from 
preexisting FeO and MnO∙SiO2 inclusions to Al2O3 following Al-deoxidation. The reaction 
of Al with FeO was relatively fast compared to the sluggish reaction with MnO∙SiO2. Al2O3 
dendrites and clusters were observed after Al-deoxidation. The clusters consisted of 
spheres and dendrites and three possible sources of cluster formation were identified. The 
size of the spherical Al2O3 were larger with increased FeO size and results showed that 
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1. INTRODUCTION 
1.1. NONMETALLIC INCLUSIONS 
Nonmetallic inclusions in steel are classified as oxides, sulfides, carbides, nitrides, 
and or, complex combinations of two or more of these inclusion types [1, 2]. These inclusions 
are produced in liquid steel during refining at high temperatures and or from precipitation 
during solidification. Inclusions that are produced during steel refining at high 
temperatures are known as primary inclusions and they are futher classified as 
endogeneous or exogeneous inclusions depending on whether they were produced from 
chemical reactions occurring within the liquid steel or as a result of slag or refractory 
entrainment in the steel. Inclusions produced during solidification are known as secondary 
inclusions [2]. Once inclusions are formed in steel, the characteristics of the inclusions such 
as size, amount, composition, and morphology remain the same or change/evolve due to 
physiochemical reactions in the liquid steel, between the liquid steel and surrounding slag 
and ladle refractory, and from deformation [3, 4, 5]. Depending on their final characteristics, 
they can be harmful to the casting process, reduce the steel mechanical properties, and 
decrease the surface and overall quality of the cast product. 
Inclusion control to promote their removal from steel and reduce the harmful effects 
on the casting process and steel quality is an important aspect of current steelmaking 
practices [5]. However, the presence of certain inclusion types can also yield beneficial 
effects in the steel. Research at Missouri S&T on promoting steel grain refinements in Cr-
Ni steels by producing and controlling the size of Mg-spinels which act as heterogeneous 
nuclei for titanium nitride (TiN) formation has been performed [6]. When TiN is present in 
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large numbers, homogeneously distributed, and in relatively small sizes, they promote the 
formation of equiaxed grains which improve the mechanical strength of the cast. Also, the 
presence of a specific CaO∙Al2O3∙2SiO2 oxide (Anorthite) in stainless steel 316L has been 
found to improve the machining tool life [7]. These inclusions when present, act as a 
lubricant by coating the machining tool tip. They also promote the breaking of machining 
chips.  
Clean steel inclusion requirements vary depending on the steel grade and 
application [8, 9] and the goal of inclusion engineering is to reduce the inclusions that are 
harmful and promote the formation of those that have beneficial effects. Primary and 
endogeneous oxides such as Al2O3 and Mg-spinel clog submerged entry nozzles (SEN’s) 
and their irregular shapes act as stress rises during deformation and decrease the steel 
mechanical strength. With the development of new steelmaking grades and more stringent 
inclusion requirements, an improved understanding of their formation and evolution would 
be beneficial for developing improved steelmaking practices for the promotion of inclusion 
removal. 
 
1.2. OXIDE FORMATION AND EVOLUTION IN LIQUID STEEL 
1.2.1. Thermodynamics of Oxide Formation. Oxide inclusions in liquid steel are 
mostly produced during steel deoxidation [10-13] but can also result from reoxidation and 
slag or refractory entrainment in the steel. These inclusions can have, single or multiple 
phases and compositions, spherical or irregular shapes, and are either solid or liquid in the 
steel depending on their melting temperature.  
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Liquid steel typically contains between 200ppm [O] to 1000ppm [O] after primary 
steelmaking at the basic oxygen furnace (BOF) or electric arc furnace (EAF). If steel 
containing this high amount of oxygen is cast, CO(g) is produced during solidification 
because of the very low oxygen solubility in solid steel. The formation of CO(g) makes the 
steel porous and reduces its overall quality and to prevent this, deoxidizers are added to 
reduce the liquid steel oxygen content.  
Aluminum, manganese, silicon, and their combinations represent the most widely 
used deoxidizers in steelmaking because of their strong affinity for oxygen and the 
formation of stable oxides which can be removed from the steel [10]. Other elements that 
are used for deoxidizing steel are titanium, calcium, and magnesium [14]. Equations (1-6) 
show the free energy of formations for the reactions of these elements with oxygen and 
Figure 1.1 shows the deoxidation equilibria for Al, Mn, Si, and combinations of these three 
elements. Calculations were performed at 1600˚C for a Fe-0.02wt. % C steel using 
Factsage 7.0® and with the FactPS, FTMisc, and FToxid databases. The deoxidation 
reactions result in oxygen residuals between 4ppm [O] and 70ppm [O] depending on type 
of deoxidant and the amount that is added to the steel.  
 
2[Al] + 3[O] = (Al2O3)     ∆G1873K = -476518J/mol∙K [15]                      (1) 
[Mn] + [O] = (MnO)       ∆G1873K = -47688 J/mol∙K [16]                       (2) 
[Si] + 2[O] = (SiO2)        ∆G1873K = -166194J/mol∙K [17]                      (3) 
 [Ti] + 2[O] = (TIO2)       ∆G1873K = -250196J/mol∙K                            (4) 
[Ca] + [O] = (CaO)         ∆G1873K = -358881J/mol∙K [16]                      (5) 





Figure 1.1. Steel deoxidation with Al, Mn, Si, and combinations of these elements in Fe-
0.02wt. % C. Plots for Mn/Si and Mn/Si/Al are in with wt. % Mn. The deoxidation 
reaction results in oxygen residuals between 4ppm [O], and 70ppm [O] depending on the 
alloy type and amount. Plot was calculated at 1600˚C using Factsage 7.0® and with the 
FactPS, FTMisc, and FToxid databases. 
 
Despite the feasibility of the different deoxidation reactions, the formation of a 
stable oxide in liquid steel and its subsequent growth requires additional energy to create 
the inclusion–steel interface [17, 18].  
Oxide inclusions can nucleate homogeneously or heterogeneously. Homogeneous 
nucleation occurs without the presence of foreign surfaces in the steel while heterogeneous 
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nucleation occurs on foreign surfaces. Sources of foreign surfaces in liquid steel can be 
entrained materials, the surrounding ladle refractory, preexisting inclusions, and or 
undissolved alloys. Equation (7) shows the free energy for homogeneous nucleation of a 
spherical inclusion where “∆Gv” is the thermodynamic/bulk free energy and “σI-L” is the 
interfacial energy between the inclusion and liquid steel. The thermodynamic/bulk free 
energy is negative and the interfacial energy is positive. For the formation of a stable oxide, 
the absolute contribution of the bulk free energy to the overall energy must be greater than 
the interfacial energy and this occurs at a critical oxide size “r*” given by equation (8). 
Inclusions less than this critical size are unstable and re-dissolve into the steel while those 
that are larger than this size grow. Equation (9) shows the critical free energy for 
homogeneous nucleation and equation (10) shows the homogeneous nucleation rate.  
For heterogeneous nucleation, the presence of an existing surface reduces the 
critical oxide size and hence, the overall free energy required for a stable oxide to be 
produced. This is shown by equation (11) where the function “f(θ)" for a spherical 
nucleating oxide is described by equation 12 and (θ) is the contact angle between the oxide 
inclusion and the surface on which it nucleates. Heterogeneous nucleation is therefore, 
more favored compared to homogeneous nucleation. Generally, (θ) values greater that 
90⁰  are considered non-wetting and those less than 90⁰  are wetting. 
 
                                       ∆G = 
4
3
πr3 ∆Gv + 4 π r2σS-L                                          (7) 
                                        r*= -
2σS-LVm
∆Gv
                                                           (8) 






2                                                       (9) 
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∗ ∗ f(θ)                                                 (11) 
f(θ) =  
2−3COSθ+COS3θ
4
                                                 (12) 
 
1.2.2. Inclusion Evolution. Important inclusion characteristics are their size, 
amount, composition, and morphology. After a stable oxide is produced in the steel, the 
inclusions grow and can also change their composition due to reactions within the steel and 
between the steel and surrounding slag and ladle refractory [19-22].  
Oxide inclusion growth occurs by diffusion of oxygen and deoxidant to the 
inclusion, and by agglomeration and coalescing after collision. Figure 1.2 is a schematic of 
the change in the inclusion size with process time in a non-stirred steel bath [23]. Also shown 
are the respective maximum inclusion sizes and time scales of the different contributing 
phenomena to inclusion growth. For inclusions in steel, the predominant growth 
mechanism is by inclusion agglomeration and coalescence after collision. 
Development of automatic inclusion anayzers for characterizing a large number of 
inclusions within a short time and combined with systematic liquid steel sampling has 
helped improve our unstanding of the inclusion evolution process. Figure 1.3 shows the 
evolution of the inclusion composition and its size at the ladle metallurgy furnace of a mini 
mill during the processing of a linepipe steel grade. Each colored dot in the figures 
represent a single inclusion. Red dots are inclusions greater than 5µm, green dots are 
inclusions between 2µm and 5µm, and blue dots are inclusions less than 2µm. The 
highlighted yellow region is the target inclusion composition which does not result in 
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clogging of SEN’s. The relatively small Al2O3 inclusions produced after Al-deoxidation 
increase in size and their composition evolves to Mg-Spinels after desulfurization, and 
finally calcium aluminates and calcium sulfides (CaS) after calcium treatment. The 
formation of Mg-spinels after desulfurization suggest the slag as the source of magnesium 
in the steel. Also, in the sample that was taken before Ca-treatment, the addition of FeSi is 
observed to result in the partial modification of the Mg-spinels. This is due to the small 
amounts of calcium already present in the FeSi alloy. 
 
 
Figure 1.2. Schematic showing mechanisms of inclusion growth and flotation 
with time [24]. Inclusion collision followed by agglomeration and coalescing is the 




                   (a)                                                                       (b) 
 
                  (c)                                                                    (d) 
Figure 1.3. Inclusion evolution during steel processing of a linepipe grade at an industrial 
mini mill. (a) After deoxidation, (b) After desulfurization, (c) Before Ca-treatment, and 
(d) After Ca-treatment. Yellow region is the optimum composition to minimize clogging. 
The inclusions are observed to evolve from alumina to –Mg-Spinel, and finally calcium 




Inclusion removal from the liquid steel involves its flotation to the steel-slag 
interface, separation from the steel, and subsequent absorption into the slag [24, 25]. The 
fundamental mechanism of inclusion flotation in steel is by stokes flotation and this is 
shown by equation 7. Where “g” is acceleration due to gravity, “µ” is the steel viscosity, 
and “ρFeand ρi” are the steel and inclusion density respectively. Using this equation and 
for a 20µm size spherical Al2O3 inclusion, the estimated time to float a distance of 2meters 
is 121minutes. This flotation time is reduced as the inclusion size is increased and at 
industrial mills, flotation is also futher improved by argon stirring and the subsequent 
attachment of the inclusions to the argon gas bubbles [26, 27]. Ar(g) stirring also promotes 





, NRe < 1    (12) 
 
Figure 1.4 shows the change in total oxygen with processing time at the LMF of a 
mini-mill and for 2-heats out of a 4-heat sequence. These total oxygen measurements are 
from Leco® combustion analysis on the collected liquid steel lollipop samples. At the EAF 
tap, the oxygen content was approximately 1000ppm [O] and the first sample shown was 
taken after Al-deoxidation. Observed is total oxygen between 20 ppm [O] and 25ppm [O] 
after deoxidation and this total oxygen changes very little with processing time. 
The total oxygen content of the steel bath is the sum of the dissolved oxygen and 
oxygen associated with the oxide inclusions. Measurements of these respective amounts 
have been used to study the kinetics of oxide inclusion nucleation and their flotation and a 
schematic of the respective changes with processing time is shown in Figure 1.5 [28]. From 
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this figure, it is observed that while the dissolved oxygen is reached in a relatively very 
short time after the addition of the deoxidant, there is a slow reduction in total oxygen that 
is due to the slow removal of oxide inclusions from the steel.  
 
 
Figure 1.4. Change in total oxygen with process time at the LMF of a mini-mill. 
Samples were taken at the 2nd and 3rd heat of a 4-heat casting sequence. Total oxygen at 
tap was approximately1000ppm [O] and first sample was taken after deoxidation. The 





Figure 1.5. Schematic showing the slow reduction in total oxygen compared to 
very fast chemical reaction [30]. Slow reduction in total oxygen is due to slow inclusion 
removal from steel. 
 
With cleanliness requirements more stringent and the development of new 
steelmaking grades, understanding the inclusion formation and evolution process and 
developing methods for improving their removal from the liquid steel is important. 
Inclusion removal is favored not only by a large inclusion size but also a high 
interfacial energy between the inclusion and the steel and large contact angles between the 
inclusion and steel in a steel-inclusion-gas system [14]. In a laboratory study on steel 
deoxidation with Al and also Mn and Si, the resulting Al2O3 inclusions produced after Al-
deoxidation were observed to float out more rapidly than the MnO∙SiO2 inclusions 
produced after deoxidation with Mn and Si. Figure 1.6 shows the inclusion size distribution 
at different times after deoxidation. Both inclusion types have similar size ranges and the 
difference in their flotation tendency results from differences in their contact angles and 
interfacial energies. Table 1.1 shows the contact angle and interfacial energies for different 
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inclusion types. Al2O3 is seen to have a higher contact angle and interfacial energy 
compared to MnO∙SiO2 inclusions. The contact angle and interfacial energy of Al2O3 is 
also highest when compared to the other inclusion types. 
 
 
                                                                           (a) 
                                      
                                                                           (b) 
Figure 1.6. Change in the inclusion size distribution with time. (a) MnO·SiO2 inclusions 
and (b) Al2O3 inclusions. The removal of Al2O3 is observed to be more rapid compared to 




Table 1.1. Contact angle and interfacial energies of inclusions [29, 30]. 




Al2O3 – pure 144 2.3 
Al2O3 – 3.4%C 112 – 
SiO2 – pure 115 1.24 
CaO – pure 132 1.17 
MgO – pure 125 1.8 
TiO2 – pure 84  
ZrO2 – – – 1.63 
MnO- SiO2 – – – 1.0 
CaO- Al2O3 36-64 – 65 – 
50-50 – 58 1.3 
58-42 – 54 – 
CaO- Al2O3- SiO2 44-45-11 – 43 – 
40-40-20 – 40 – 
33-33-33 pure 36 1.15 
23-26-49 – 13 – 
CaO- SiO2 58-42 – 29 – 
50-50 – 31 – 
 
 
1.3. RESEARCH OBJECTIVE  
The objectives of this research are to investigate, document, and understand the 
influence of steelmaking process variables on the oxide inclusion size, its shape, and the 





Specific tasks include:  
1. Comparing the 2D and 3D inclusion size distribution and its shape, and evaluating 
statistical methods for transforming the 2D data from polished cross sections to 
their actual inclusion size distribution. 
2. Investigating and documenting the evolution of inclusion size distribution during 
steelmaking, casting, and coiling and the factors influencing the inclusion 
characteristics. 
3. Investigating the effect of pre-existing inclusions and supersaturation on the size 
and morphology of Al2O3 inclusions produced after aluminum deoxidation. 
 
Research on inclusion characterization, their formation, and evolution in different 
steel grades have been performed by different past students, researchers, and professors 
here at Missouri S&T. S Yang et al. [31] studied the detection of nonmetallic inclusions in 
continuous casting steel billets and the formation and modification of Mg-spinels in alloy 
steels, V. Thapliyal et al. [32] studied inclusion formation and evolution in silicon killed 
steels, and M. Harris [33] studied inclusions in foundry steels.  
This research study builds on past and current knowledge of these students, 
researchers, and professors here at Missouri S&T on inclusion characterization and the 





2. LITERATURE REVIEW 
2.1. TWO DIMENSIONAL AND THREE DIMENSIONAL INCLUSION SIZE 
DISTRIBUTION  
 
Particle size distributions are plots of the number-density of particles in a specific 
volume or area versus their size and generating these plots require grouping the size data 
into specific bin size widths and counting the number of particles in each bin size. To 
eliminate errors when comparing results from multiple data sets that were calculated with 
different bin size widths, it is recommended that the respective particle number-densities 
in each bin size width also be divided by the width of the bin [34-36].  
Size distributions have been studied extensively in the fields of chemical, 
geological, and more recently in inclusion engineering [37-41] and they can provide 
information about the age of the particles and their nucleation and growth mechanisms.  
Inclusion analysis are typically performed on a polished two-dimensional steel 
cross sections and the inclusion characteristics derived from such analysis can be different 
from the actual 3D inclusion characteristics. Figure 2.1a is a schematic of a section through 
four particles of the same size. On a 2D cross section, these same sized spheres appear as 
circles of different diameters depending on the intersection of the plane with the particle. 
Different statistical methods have been developed to transform the 2D size 
distribution of spheres to their actual 3D distributions. These methods are classified 
according to whether the particle diameters, areas, or chord lengths are measured for each 
particle [36]. The Schwartz-Saltykov method for transforming the 2D size distribution to 
their actual 3D distribution can be applied to particles of different shapes and is based on 
measured particle areas. This method also eliminates the need for cumbersome probability 
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conversion tables through use of lognormal bin widths; with lognormal bin widths, the 
probability distribution for obtaining a particular 2D size remains the same irrespective of 
the starting 3D size.  
Application of the Schwartz-Saltykov to non-metallic inclusions was simulated by 
T. Li et al. [41] and reasonable agreements were observed between the transformed 2D size 
distribution and the actual inclusion size distribution. These results however, were based 
on averaging 2D cross sectional results for at least 30 different cross sections, which is 
impractical. Also, the effect on the transformed size distribution when the inclusions are 
not perfect spheres were not discussed. Other potential sources of error with this technique 
are in the assumption of the maximum inclusion size as that observed on the 2D polished 
cross section, the number of inclusions detected for this maximum inclusion size, and using 






                         (a)                                                                 (b) 
 
Figure 2.1. Schematic showing (a) Intersection of a polished plane with spheres of 
the same size and (b) Resulting sizes on the 2D polished section. Depending on the plane 




2.2. EVOLUTION OF INCLUSION SIZE DISTRIBUTION AND ITS SHAPE 
Particle size distributions can provide information about particle nucleation, their 
growth, and subsequent removal from the system of interest [37-39]. For rock crystals having 
a lognormal distribution, Eberl, et.al. [40] simulated the nucleation and growth of the crystals 
using a size dependent growth model and identified the different nucleation and growth 
controlling mechanisms based on the evolution of both the mean and variance of the 
lognormal distribution. The size distribution of oxide inclusions in steel have been 
observed to be either lognormal or fractal distributions and the application of the kinetic 
model to lognormal distributions could help improve our understanding of the oxide 
nucleation and growh mechanisms. 
When the oxide inclusion size distributions are plotted on a log-log scale, the shapes 
of the lognormal and fractal distributions are quadratic or linear respectively [34, 41]. Figure 
2.2 is a schematic of evolution of the shape of the inclusions size distribution during 
steelmaking. Quadratic distribution shapes are observed during conditions of nucleation 
and growth while linear distribution shapes are observed for aged inclusion population. For 
Al2O3 inclusions in a non-Ca treated, Ti bearing steel and also during tundish transfer of a 
Ca-treated line pipe steel grade and for the first heat of a 4-heat casting sequence, 
investigating the shape of the inclusion size distribution was used to identify reoxidation. 
Also found to be important is the slope of the log-linear inclusion size distribution which 
could possibly be used to investigate the source of an inclusion population. This was found 
to be 3.4 for the Al2O3 inclusions in the non-Ca treated, Ti-bearing steel grade 
[41].  
Systematic sampling of liquid steel during the steelmaking process at industrial 
mills and combined with automated inclusion analysis on the collected steel samples is 
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common practice today for investigating the evolution of inclusions during the steelmaking 
process [43-45]. Many factors can influence the characteristics of oxide inclusions at different 
stages during the steelmaking process [14]. These include steel alloying, Ar(g) stirring 
intensity, and liquid steel reoxidation. The inclusion size distribution and its shape can 
therefore serve as an important tool to understanding how the different steelmaking process 




Figure 2.2. Evolution of the shape of the inclusion size distribution [34]. “t” 
represents time. At early stages after deoxidation, plots are quadratic and evolves to a 
log-linear distribution. Quadratic distribution signifies conditions of nucleation and 
growth and log-linear distribution is for an aged population. 
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2.3. INFLUENCE OF STEEL CONDITIONS ON INCLUSION 
CHARACTERISTICS AFTER DEOXIDATION  
 
Oxide inclusions nucleate mostly during steel deoxidation [14, 46-48] and the 
subsequent changes in the inclusion population depend on various factors that include the 
type of deoxidant, method and sequence of deoxidation, the active oxygen content of the 
steel during deoxidation, degree of supersaturation of the steel following deoxidation and 
the presence of any preexisting inclusions in the steel prior to deoxidation.  
Inclusion removal from liquid steel is favored by a large size and high interfacial 
energy between the inclusion and the steel and large contact angles between the inclusion 
and steel in a steel-inclusion-gas system.  
Al2O3 inclusions have the highest interfacial energy and contact angles compared 
to other inclusion types but their existence in different shapes that depend on the steel 
conditions during deoxidation influences their ability to grow and be subsequently removed 
from the steel [49]. Figure 2.3 shows the different morphologies of Al2O3 that have been 
observed in liquid steel and how the Al2O3 shape changes with oxygen and deoxidant 
activities.  
Aside from controlling the Al2O3 morphology to produce dense clusters, another 
possible method for promoting the formation of large inclusions that are easier to remove 
from steel is via heterogeneous nucleation. 
Inclusions in the steel bath before deoxidation can influence both the size and 
morphology of the inclusions from deoxidation. At an industrial mini mill, inclusion 
analysis performed on samples taken before deoxidation revealed the presence of 
preexisting FeO inclusions and a comparison between the size distribution of the FeO and 
that of Al2O3 produced after Al-deoxidation suggested FeO inclusions could control the 
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size of the Al2O3 inclusions. In addition to FeO, another inclusion that can potentially be 
used to control the size and morphology of Al2O3 is preexisting MnO·SiO2 inclusions. The 
addition of Mn and Si in certain steel grades before Al deoxidation can result in the 
formation of Al2O3 inclusions on these inclusions as well. 
Liquid steel after primary steelmaking typically contains between 200ppm [O] and 
1000ppm [O] and within this range of oxygen, the amount and size of FeO inclusions is 
expected to change and hence, influence the inclusion size after deoxidation. Also expected 
to change are the morphologies of the Al2O3 inclusions.  
 
 
Figure 2.3. Schematic of the change in Al2O3 morphology with changing 
activities of oxygen and deoxidant [46]. Morphology is observed to change from faceted to 





I. FACTORS AFFECTING THE EVOLUTION OF INCLUSION 
POPULATIONS DURING STEELMAKING AND CASTING PROCESSES 
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N.Lekakh 
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ABSTRACT 
Investigations into the evolution of inclusion populations during ladle processing 
and continuous casting are reviewed. Details of the steelmaking practices employed in BOP 
and EAF steelmaking have been observed to have a strong influence on the size 
distribution, quantity, composition, phases and morphology of the final inclusion 
population delivered to the caster. Examples of the effects of different processing paths on 
the evolution of inclusion populations are presented. The importance of preexisting 
inclusion populations on the formation and removal of new inclusion populations is also 









The evolution of an inclusion population in the ladle is influenced by many factors, 
such as the type and size distribution of the parent inclusions in the steelmaking vessel at 
tap, the level of oxygen at tap, the amount of slag carryover from the steelmaking vessel, 
the type, quantity and timing of synthetic slag additions to the ladle, the type and timing of 
deoxidant additions and the timing and intensity of stirring in the ladle to name a few. 
Through plant studies and laboratory experiments, an understanding of how some of these 
factors affect the inclusions characteristics is discussed. Different heats were followed, and 
samples were taken at different times and stages of the steelmaking process.  
 
2. SAMPLING PROCEDURE AND ANALYSIS 
 
Immersion lollipops were taken at different times and locations during steelmaking. 
In lab studies, immersion and vacuum pin samplers were used. To minimize the presence 
of MnS inclusions formed during slow cooling, the sample surface was mounted and 
polished to a 1μm finish using diamond paste.  Inclusion analysis was performed using the 
Aspex Pica 1020 SEM with EDS capability. Scans were performed at a magnification of 
750X and a step size of 0.42μm. To represent the inclusion composition, a joint ternary 
plotting method with color coding was employed. Using this method, each ternary segment 
represents a distinct inclusion composition and hence, the whole inclusion population can 




3. FACTORS AFFECTING THE INCLUSION CHARACTERISTICS 
3.1. PRE-EXISTING INCLUSIONS AND METHOD OF DEOXIDATION  
Deoxidation normally drives the first stage of inclusion evolution in the ladle. 
Aluminum, manganese, and silicon are typical deoxidants because of their strong affinity 
for oxygen, low dissolved oxygen residual, and formation of insoluble compounds [1]. 
Al2O3 and MnO·SiO2 inclusions are solid and liquid respectively at 1600ᵒC. Due to its 
liquid nature, MnO·SiO2 is normally spherical while the shape of Al2O3 varies with oxygen 
levels at tap [2].  
The size and shape of the starting inclusion population in the ladle varies greatly 
depending upon the steelmaking practice. Pre-existing MnO·SiO2, inclusions have been 
observed to produce spherical Al2O3 inclusions 
[2]. In an EAF mini-mill study, similarities 
in the size distribution before and after deoxidation, shown in Figure 1, suggest that 
inclusion size after deoxidation is controlled by the size of the pre-existing inclusions. In 
this study, the steel was tapped at ~1000ppm and SEM analysis showed that the steel 
contained primarily FeO inclusions before deoxidation. After deoxidation, Al2O3 
inclusions were observed and both the Al2O3 and FeO inclusions exhibited a similar 
population density shape and size distribution. The overall lower number density of the 
Al2O3 inclusions is the result of inclusion agglomeration and flotation. 
Apart from inclusion shape and size distribution, the inclusion composition can also 
be different from what would be expected from equilibrium calculations. In two different 
mini mill plants, samples analyzed after aluminum deoxidation showed that plant ‘A’ 
contained calcium aluminates and plant ‘B’ contained Al-Mg oxide spinels. The inclusion 
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composition for both samples is shown in Figure 2. In plant ‘A’, lime rich synthetic slag 
additions and aluminum were added at the same time after EAF tap while in plant ‘B’ 
deoxidant was added to the tap stream during EAF tap. With the kill-on-tap practice, the 
stream provides additional energy to promote the reduction of MgO from slag, promoting 
spinel formation. In a separate experiment where the practice was changed to killing after 
tap, Al2O3 rather than Al-Mg oxide spinels were observed.  
Removal of inclusions from liquid steel is dependent on the inclusions size and 
interfacial energy [3]. For similar inclusion types, larger inclusions will float out more 
readily than smaller inclusions. Also, the larger the interfacial energy, the more readily the 
inclusions agglomerate and float. Table 1 lists the interfacial energy for different inclusion 
types [4]. It suggests that Al2O3 will float out more easily than other inclusion types. By 
controlling the inclusion composition and size after deoxidation, inclusions which readily 
float out can be generated and thus, cleaner steel can be produced. 
 
 
Figure 1. Size distribution of FeO inclusions before and Al2O3 inclusions after 
deoxidation. Figure shows similarities in both shape and size range. 
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             (a)                                                                 (b) 
 
Figure 2. Inclusion composition observed after deoxidation in (a) plant ‘A’, and (b) plant 
‘B’ .Plant A contained mainly calcium aluminate and plant B contained magnesium 
spinels. 
 






CaO· Al2O3 1300 
 
3.2. STEEL GRADE AND LADLE STIRRING 
Desulfurization is carried out at the LMF for steels produced by the EAF 
steelmaking route. During this process, the steel is mixed with a low oxygen, MgO 
saturated, lime rich slag by stirring with argon gas. Although desulfurization is normally 
not practiced for steel produced by BOP, argon stirring is still performed because it aides 
inclusion removal via bubble attachment. Figure 3 shows the change in inclusion content 
with time at the LMF of an EAF mini-mill.  The reduction in inclusion number density 




Figure 3. Reduction in number density with time due to argon stirring in a mini mill. 
 
In aluminum killed steel, transformation from alumina to Al-Mg oxide spinel 
occurs during desulfurization. This is due to MgO reduction from the slag by aluminum [5].  
In high manganese, silicon containing steel grades, transient manganese spinels have also 
been observed at the LMF in plant studies. Figure 4 shows the inclusion composition for a 
sample taken during production in a BOP steelmaking facility. It shows the presence of 
both silicates and Al-Mn spinels during stirring at the LMF. With time, transformation 
from Al-Mn oxide spinels to Al-Mg oxide spinels was observed, but that the reaction was 
very sluggish. Some heats still contained significant amounts of Al-Mn oxide spinels in 
final LMF samples. Figure 5 shows the phase diagram for the MnO-MgO-Al2O3 system 
calculated using FactSage 6.4 and the FactPS, FTMisc, and FToxid databases. It shows 
that some cross-solubility exists between the Al-Mn and Al-Mg spinel phases Depending 








Figure 5. Phase diagram of the MnO-MgO-Al2O3 system. 
3.3. MgO CONTENT IN SLAG, REOXIDATION, AND PRESENCE OF CaS 
INCLUSIONS 
 
Calcium is added to the LMF to modify existing solid alumina and spinel inclusions 
to liquid inclusions [6]. These liquid inclusions do not clog submerged entry nozzles (SEN), 
and are spherical in shape. Both alumina and Al-Mg oxide spinels can be modified by 
calcium. However, CaS and MgO rich inclusions have also been observed in plant studies 
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after Ca treatment. In Figure 3, an increase in the number density of inclusions after 
calcium treatment was observed. This is due to formation of CaS inclusions. These 
inclusions are solid at 1600ᵒC and can clog SEN’s. Figure 6 shows the result of a 
thermodynamic calculation using FactSage 6.4. The calculation was done at 1600ᵒC for a 
typical line pipe steel grade containing Al-Mg oxide spinels. The results of the calculation 
shows that CaS inclusions can be formed from excess calcium additions. The formation of 
MgO inclusions during calcium modification is also predicted. MgO inclusions have also 
been observed in industrial samples.   FactSage calculations with low initial Al-Mg oxide 
spinel content did not predict MgO inclusions after Ca treatment. 
 
 
Figure 6. Thermodynamic calculation showing the formation of MgO during calcium 
modification of MgO saturated spinel. 
 
Steel reoxidation has been observed during ladle transfer in mini mills, resulting in 
changes from liquid calcium aluminates to solid calcium aluminates, alumina and spinel 
[7]. In the example shown in Figure 7, a plot of the area fraction and inclusion size for 
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samples taken at different times in a laboratory study is shown. In this study, the steel was 
alloyed with manganese and silicon and then deoxidized with aluminum. Due to 
reoxidation in the experiment, the Al2O3 inclusions formed after the Al addition gradually 
transformed to MnO·SiO2 inclusions as the aluminum was depleted and Al2O3 
agglomerated and floated from the system. It is interesting to note that the population of 
the MnO·SiO2 inclusions that formed after the aluminum was depleted were much smaller 
and appeared to nucleate independently from the pre-existing Al2O3 inclusions. 
In mini-mill samples taken at LMF final and from the tundish at different times 
during the startup of the 1st heat in a sequence,  the presence of CaS inclusions has been 
observed to act as a source of calcium to modify inclusions formed by reoxidation. The 
proposed reaction mechanism is given by Equations 1 and 2.  
 
(CaS) + [O] = (CaO) + [S]           (1) 
(CaO) + (Al2O3) = (CaO∙Al2O3)               (2) 
 
Figure 8 shows the inclusion composition for a sample taken after 90% of the steel 
had been transferred to the tundish. In tundish samples taken early after startup, evidence 
of reoxidation is normally observed by the presence of Al rich or unmodified spinel 
inclusions. However, as observed in this sample, the inclusions present are still fully 
modified liquid calcium aluminates.  An increase in the amount of MnS inclusions was 








Figure 8. Inclusion composition during ladle transfer. Modified calcium aluminates are 






Through plant and laboratory studies, the effects of different steelmaking practices 
on inclusion evolution have been presented and discussed.  
 After deoxidation, the inclusion size distribution, shape and composition depends on 
pre-existing inclusions and the method and timing of deoxidation. 
 Depending on steel chemistry, transformation of alumina to Al-Mg or Al-Mn oxide 
spinels can occur.  
 Excess Ca additions during calcium treatment can produce CaS and increase the 
inclusion content. Depending on steels Mg content, MgO rich inclusions can be 
produced after Ca treatment. 
 Liquid steel reoxidation changes both the inclusion size and composition. CaS formed 
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ABSTRACT 
Inclusion size distribution and shape are typically determined from the analysis of 
a polished cross-section of steel specimen. However, measured inclusion characteristics 
such as the 2D size distribution and shape can differ from the actual 3D characteristics that 
influence the mechanical properties of steel. In this study, MnO·SiO2 inclusions that were 
liquid at steelmaking temperatures have been extracted from a Mn-Si killed steel using an 
electrochemical dissolution method. Automated SEM/EDX analysis was used to perform 
a direct comparison of the inclusions observed in the 2D polished section and in 3D by 
analyzing extracted inclusions collected on a filter. A spherical inclusion shape was 
assumed and used to perform the statistical conversion of the measured 2D particles to a 
virtual 3D particle size distribution and the predicted distribution was compared to the 
measured 3D distribution. The causes of the departure of the real 3D inclusion statistics 








Proper characterization of non-metallic inclusions in steel is crucial in 
understanding their effect on steel quality and the mechanical properties of the as-cast 
product [1, 2, 3]. Knowledge of how the inclusion size, composition, and morphology changes 
for different steelmaking practices also helps in process optimization and in engineering 
the inclusion characteristics to meet specific steel property and performance requirements.  
Inclusion analyses are typically performed on polished 2D cross sections and 
relevant information about their characteristics are drawn from these results. These results 
however, are subject to errors which vary depending on the complexity of the inclusion 
shape and statistical quantification method that is employed. Even for the simple case of a 
distribution of ideal random spherical particles in a volume, the results of a 2D cross section 
analysis depends on the chosen sample plane of analysis, the number of inclusions counted, 
the assumed maximum particle size and other parameters [4]. Figure 1a shows a simplified 
example for an inclusion population with uniform diameter spherical particles distributed 
in a cube. The cube is sectioned midway through its height to reveal the 2D circular cross 
section of inclusions that are intersected by the plane, Figure 1b. For a large sample size, 
the probability distribution of the 2D circle diameters that intersect with the sample plane 
is shown in Figure 1c. While the original particles were spheres with the same diameter, 
the 2D sections produce circles with different sizes that are observed in accordance with 
the probability distribution. The interpretation of the 2D data becomes even more 
complicated for random distribution of spheres with different diameters and a shape 
departure from that of ideal spheres. 
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Different statistical techniques are available for transforming the size distribution 
of particles observed on 2D cross sections to their actual distributions by assuming ideal 
spheres or ellipsoidal shapes [4, 5]. The most common method is the Schwartz-Saltykov 
method for area analysis, which is applicable to particles of different shapes as long as the 
shape probabilities are known. This method groups particles by their areas into lognormal 
class sizes where each smaller class size is less than the next larger class size by a factor of 
10^-0.2. This method also assumes that the maximum 3D particle size equals the observed 
maximum 2D size. Application of this method to non-metallic inclusions was simulated by 
T. Li et al. [6] and reasonable agreements were observed between the transformed 2D and 
the actual inclusion size distribution. These results however, were based on averaging 2D 
cross section results for at least 30 different cross sections, which is impractical. Also, the 
effect of the transformation when the inclusions are not spherical were not discussed. 
In this study, MnO∙SiO2 inclusions with a simple spherical shape were studied. 
These inclusions were characterized on both 2D polished cross sections and on the filter 
paper after extraction to reveal their actual size, and morphology. Analysis was done using 
an SEM/EDX system with automated feature analysis capability (ASPEX). The Schwartz-
Saltykov statistical method was used for converting the measured 2D to a predicted 3D and 
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Figure 1. (a) Particle distribution in 3D, (b) circles on the 2D section and (c) relative 





2. EXPERIMENTAL PROCEDURE 
 
Liquid steel deoxidation experiments were performed in a 100 lbs. induction 
furnace. High purity induction iron and 0.2wt. % of pure graphite were charged and melted 
under argon protection. Table 1 shows the composition of the steel melt. Once the 
temperature of the melt had reached 1600⁰C, samples for inclusion analysis were taken 
with a specially constructed 38mm diameter submerged zirconia ceramic shell sampler. 
Manganese and silicon additions were placed in each sampler (Figure 2a) to kill the steel 
and produce MnO∙SiO2 inclusions when it was dipped into a melt with a controlled total 
oxygen content. Samplers were held at different times, withdrawn, and then quenched in a 
water bath to investigate the early stages of inclusion formation in the sampler. The holding 
times employed in this experiment were 0, 1, and 2 minutes and the mass of ferro-alloys 
added to the sampler were 1g FeSi, and 2.25g FeMn, respectively, into approximately 224g 
of liquid steel in the sampler. Figure 2b shows the thermodynamically predicted 
composition of the deoxidation products calculated using Factsage 7.1 using the FactPS, 
FTMisc, and FToxid databases. 
 
Table 1. Composition of liquid steel. 
Element C Mn Si S Al 




     
                                 (a)                                                                            (b) 
Figure 2. (a) Ceramic shell liquid steel sampler and (b). Factsage predicted reaction 
products. At 1600⁰C and the targeted steel composition, MnO∙SiO2 inclusions are shown 
to be in equilibrium with the steel. 
 
 
   
Figure 3. Cross section of the sampler showing specimen locations for 2D and 3D 
inclusion analysis. 
 
After the experiment, the samplers containing the steel samples were sectioned at a 
distance which was one-third from the sample base and steel section samples taken for both 
2D and 3D inclusion analysis (Figure 3). Two samples were taken for each test. The 2D 
sectioned samples were ground and polished to a 1µm surface finish using diamond paste 
while samples for 3D inclusion analysis were ground, cleaned in an ultrasonic bath and the 
steel was then dissolved in an electrolytic cell using the steel as the anode and platinum as 








Sample for 3D 
Inclusion Analysis




to that described by the authors [7, 8]. The solution was composed of 2v/v% triethanolamine 
and 1w/v% tetramethyl ammonium chloride methanol solution. For all steel dissolution 
experiments, the anode current density was set to between 40-60mA/cm2 and the amount 
of steel dissolved varied from 0.2g to 0.5g. After extraction, the solution was filtered 
through a 0.05µm polycarbonate filter and the filter paper containing the inclusions were 
gold coated for SEM analysis.  
The characteristics of the inclusions on the 2D cross section and on the filter paper 
after extraction were determined using an automated feature analysis (AFA) in the Aspex 
Pica 1020 SEM with EDX analysis. The minimum inclusion size for the SEM-AFA 
analysis was 0.5µm and the analysis was done at a magnification of 1000x and a step size 
of 0.31µm. For each analysis, the minimum number of inclusions counted was about 4500 
 
3. RESULTS AND DISCUSSION 
3.1. MnO∙SiO2 INCLUSION COMPOSITION AND SHAPE 
Deoxidation experiments with the manganese and silicon placed in the sampler 
before dipping into the steel produced MnO∙SiO2 inclusions. These inclusions are known 
to be liquid at steelmaking temperatures of 1600⁰C, and thus, have a near spherical shape. 
Figure 4a shows a MnO∙SiO2 inclusion on a 2D cross section and Figure 4b shows an 
inclusion after it had been extracted from the steel. On the 2D cross section, the inclusion 
appears circular and corresponding spherical inclusions were observed after extraction. The 
comparisons between the average inclusion compositions obtained after the AFA analysis 
is shown in Figure 5. These plots were generated by considering the 3 elements which have 
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the highest percentages in each counted inclusion and normalizing with respect to them. 
Each ternary therefore represents distinct MnO∙SiO2 inclusions with the third highest 
concentration elements being aluminum or sulfur. Also, the liquid phase region (outlined 
by yellow) at 1600⁰C is shown on these plots. This region was calculated using Factsage 
7.1 and with the FactPS, FTMisc, and FToxid databases. It can be seen from both figures 
that most of the inclusions are within the liquid phase and that both the 2D and 3D 
inclusions analysis have similar compositional distributions. Table 2 shows the average 
inclusion wt. percentages from both methods. Similarities in the composition of the 2D and 




                                                   (a)                                         (b)  
Figure 4. Shape of MnO∙SiO2 inclusions on (a) 2D cross section and (b) after extraction 





                                        
                                        (a)                           
 
                                                                     (b)  
Figure 5. Composition of the MnO∙SiO2 inclusion obtained from (a) 2D cross section 




     Table 2. Average inclusion composition, wt. %. 
Method Al Si S Mn 
2D Analysis 2 20 2 75 
3D Analysis 2 24 3 71 
 
3.2. SIZE DISTRIBUTION OF MnO∙SiO2 INCLUSIONS 
Two types of quantitative analysis were performed using the SEM-AFA data. The 
first compared the area fraction (AF) of inclusions on the cross section with the volume 
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fraction (VF) of extracted inclusion from dissolution.  The second compared the 2D and 
3D size distributions. The AF was calculated by dividing the total area of the counted 
inclusions on the 2D cross section by the scan area while the VF was calculated by dividing 
the total inclusion volume by the volume of steel dissolved. The inclusion volume was 
calculated assuming the extracted inclusions to be perfect spheres and the volume of steel 
dissolved was determined according to Equation 1. 
 
Volume dissolved = 
Area of filter scanned  (mm2)
Total Filter area (mm2)
 x 





              (1) 
 
The calculated AF and VF were in poor agreement, suggesting that a portion of the 
extracted inclusions were not being counted. Possible reasons for this difference are a non-
uniform distribution of the inclusions on the filter paper or partial losses of inclusions 
during extraction and filtering process. Additional tests were performed to assess the 
possible source of the discrepancy. In the first investigation, two areas on the filter paper 
were selected and the inclusions within these areas analyzed (Figure 6). From this test, the 
detected inclusion numbers and size distributions in these two areas were similar. This 
suggests that inhomogeneity in particle distribution on the filter cannot account for the 
discrepancy. In the second investigation, a different filter paper with a finer pore structure 
was used during extraction. In this case, more fine inclusions (<0.5 microns) were observed 
on the filter surface, suggesting that the first filter paper did not capture all of the extracted 
inclusions. In future studies, the filter paper type and the steel volume used for extraction 





Figure 6. Comparison of size distribution of counted inclusions in two different selected 
areas on the filter paper, shown on insert. Homogeneous distribution of inclusions on the 
filter paper is observed. 
 
 
The second type of quantitative inclusion analysis was a comparison of 2D and 3D 
particle size distributions from the two characterization methods. For this comparison, it 
was assumed that the particle losses during filtration had a minimal influence on the 
inclusion size distribution with diameters larger than 0.5µm. Graphs in Figure 7 show the 
size distribution of the inclusions on the 2D cross section and corresponding inclusions 
after extraction. The respective 2D and 3D inclusion number densities have been 
normalized with respect to their total number densities and the results are shown for 
samples 1, 2, and 3 which were taken 0, 1, and 2 minutes after deoxidation respectively. 
Plots were generated by binning the inclusion areas according to the method described by 
































For all samples, the distribution on the 2D cross section is observed to be shifted 
towards smaller inclusion sizes. This observed difference can be explained by the 2D 
sectioning statistics of a 3D inclusion population, which produces smaller observed 
diameters on the 2D plane. A summary of all of the analyzed data is shown in Table 3 and 
the results indicate that the mean 3D inclusion size is greater than the mean 2D size by 
approximately 22%.  
Also worth pointing out is that the inclusion distribution from both the cross section 
and extracted inclusion analyses are lognormal in shape and thus have a similar quadratic 
shape on a log-log plot. Figures 8a and 8b are lognormal distribution fits for the 2D and 
corresponding 3D data in sample 3 and Figure 8c shows the distributions on a log-log scale. 
Distribution fit tests were done with Minitab and for all samples, the lognormal distribution 
was found to be the best fit. A deviation from linearity at around 0.5µm can be seen in both 
plots. This deviation is a result of the size detection limit of the Aspex AFA analysis, which 
is 0.5µm. This preservation of distribution shape is important as recent studies [9, 10] have 
shown that the distribution shape is relevant in understanding physiochemical inclusion 
changes that occur during steel processing.  In particular, newly formed inclusion 
populations have been shown to exhibit a lognormal distribution, while aged populations 
take on a power law distribution (linear on a log-log plot). The results presented here 
suggest that 2D data can be used effectively to evaluate the inclusion population age 
without the need to convert the population to 3D. 
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                                        (a)                                   (b)  
 
 
        (c)  
 
Figure 7. Size distribution of MnO∙SiO2 inclusions on 2D cross section and after 
extraction: for (a) sample 1, (b) sample 2, (c) sample 3. Samples were taken at 0, 1, and 
2mins after deoxidation. Plots show a distribution fit towards smaller inclusion sizes on 
















































































Table 3. Summary of results of automated SEM/EDX inclusion analysis from the 2D 










Sample 1/0 min 2D 1.2 23.4 
3D 1.6 13.0 
Sample 2/1 min 2D 1.4 18.1 
3D 1.9 18.5 
Sample 3/2 min 2D 1.6 20.8 
3D 2.0 33.5 
 
 
    
                  (a)                                           (b)                                                     (c) 
Figure 8. Lognormal fit test of the MnO∙SiO2 inclusion obtained from (a) 2D cross 
section analysis and (b). After extraction from the steel. The horizontal axis represents 
inclusion size in microns and a deviation at 0.5µm is observed in both plots and is due to 
the detection limit of the machine. On a log-log scale, both distributions are observed to 



























3.3. APPLICATION OF SCHWARTZ-SALTYKOV METHOD FOR 2D TO 3D 
TRANSFORMATION OF NON-METALLIC INCLUSIONS IN Mn-Si KILLED 
STEEL 
 
The Schwartz-Saltykov method requires that the number of inclusions per unit 
volume of the largest inclusion size first be statistically determined from its number per 
area on the cross section. Once this is known, the portion of this largest inclusion size which 
is present in the relatively smaller cross section inclusion densities are calculated based on 
the probability distribution for the particular inclusion shape. These determined portions 
are then subtracted from the observed cross section number densities of smaller inclusions 
and the steps repeated until all portions of larger inclusion in the smaller sizes are 
determined and subtracted. The number per unit volume (NV) is determined according to 
Equation 2 where NA is the observed cross section number per area, and P is the probability 
of finding NA with diameter D. For spherical particles, this probability distribution is well 
known and is shown by Equation 3. Where “D” is the maximum particle size and d1 and 
d2 are the lower and upper bin width sizes. One advantage of using the Schwartz-Saltykov 
method for area analysis is that it divides the inclusion areas and diameters into lognormal 
bin widths. By doing this, the probability distribution remains the same for all inclusion 
sizes and thus speeds up the calculations. Possible sources of error though are in the 
assumption of the maximum inclusion size as that observed on the cross section, the 
number of inclusions detected for this maximum inclusion size, and also using the right 
probability distribution.  
 
                                               𝑁𝑉  =  
𝑁𝐴
𝑃∗𝐷
                                                                  (2) 
                     P(d1 < d <d2) = 
1
𝐷 
 ( √𝐷2 − 𝑑1
2 −  √𝐷2 − 𝑑2
2 )                                     (3) 
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The result from the application of this method to the cross section data of sample 3 
is shown in Figure 9. This result shows some discrepancies between the calculated 3D 
distribution and the measured 3D distribution from the analysis of extracted inclusions. 
The predicted distribution is shifted towards smaller inclusion sizes rather than towards 
larger inclusion sizes as experimentally observed in the extracted inclusion distribution. 
The results of the recalculated numbers per area and numbers per volume are shown in 
Table 4. From this table, it can be seen that for the smallest inclusion sizes, the recalculated 
number densities are negative. Only a small number of inclusions were counted in the 
largest and smallest inclusion sizes of the 2D cross section. The resulting negative number 
densities of the smaller inclusion sizes and error in the predicted distribution are therefore, 
possibly due to a propagated error from subtracting portions of larger inclusion sizes, the 
size detection limit of the Aspex and small number of counted inclusions which are less 
than 0.5µm, and also the assumed maximum inclusion size.  
With a greater number of inclusions counted in the maximum class size, the 
statistically determined portions of this inclusion size in smaller class sizes would be 
greater and hence, the subtractions would produce smaller numbers and shift the curve 
downwards. While this might match the observed 3D distribution eventually, it seems 
unlikely that this accounted for the observed errors. The predicted distribution was 
replotted by making an assumption that the maximum inclusion size is larger than the size 
observed in the 2D section. Plots were generated for different maximum sizes and Figure 
9b shows the predicted distribution when the maximum size is assumed to be 50% greater 
than the observed maximum size on the 2D cross section. By making this assumption, the 
curve is observed to shift towards the right and fit the distribution of the extracted 
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inclusions up until a certain size of about 1µm. If all inclusions were correctly accounted 
for during analysis of inclusions on the filter paper, this result suggests that the basic 
underlying assumption on the maximum inclusion size and the detection limit of the Aspex 
produced the errors. To correctly determine what the maximum inclusion size should be, 
dissolution tests are being redone using the new filter paper with the aim of capturing and 
analyzing all inclusions on the filter paper. 
 
 
(a)                                                                             (b) 
 
Figure 9. Comparison of the 3D transformed distribution obtained from the Schwartz-
Saltykov method with experimentally measured 2D cross section and extracted inclusions 
(a) Assuming max. 2D size is same as 3D size, and (b) Max. 3D size is 50% greater than 
observed 2D size. A better distribution fit is observed by making this assumption of 





































































Table 4. 2D and recalculated 3D results after application of the Schwartz-Saltykov 






























20.82 16.54 0.607 4.28 2 0.066 0.066 5.188 
16.54 13.14 0.168 3.40 1 0.033 0.015 1.456 
13.14 10.43 0.090 2.70 4 0.131 0.118 14.73 
10.43 8.29 0.052 2.15 12 0.394 0.353 55.75 
8.29 6.58 0.031 1.70 29 0.951 0.832 165.15 
6.58 5.23 0.019 1.35 77 2.526 2.231 557.8 
5.23 4.15 0.012 1.08 126 4.134 3.355 1056 
4.15 3.30 0.007 0.85 195 6.397 5.045 1999 
3.30 2.62 0.005 0.68 301 9.875 7.735 3859 
2.62 2.08 0.003 0.54 441 14.47 11.14 6999 
2.08 1.65 0.002 0.43 653 21.42 16.50 13045 
1.65 1.31 0.001 0.34 771 25.29 17.99 17912 
1.31 1.04 0.0007 0.27 818 26.84 17.80 22311 
1.04 0.83 0.0005 0.21 762 24.99 15.02 23694 
0.83 0.66 0.0003 0.17 618 20.28 10.49 20836 
0.66 0.52 0.0002 0.14 499 16.37 7.897 19745 
0.52 0.42 0.0001 0.11 333 10.93 3.855 12133 
0.42 0.33 7.347 E-5 0.09 170 5.577 0.403 1595 
0.33 0.26 4.635 E-5 0.07 25 0.820 -2.345 -11699 
0.26 0.21 2.625 E-5 0.05 4 0.131 -1.140 -7161 
0.21 0.17 1.845 E-5 0.04 2 0.066 -0.459 -3633 





The shape, composition, and size distribution of MnO∙SiO2 inclusions on a 2D cross 
section were compared to the corresponding 3D size distribution after dissolving the steel 
and analyzing the extracted inclusions using the same automated SEM/EDX analysis 
system. The Schwartz-Saltykov method for transforming 2D data to 3D was applied and 
comparisons made between the measured and predicted 3D distributions.  
The results from these comparisons showed: 
 Similar inclusion compositions were observed between the analysis of the polished 
2D cross section of inclusions and the extracted inclusions using EDX analysis, 
suggesting that the extraction process did not alter or selectively dissolve 
inclusions. 
 The morphology of the inclusions was circular on the 2D cross section and spherical 
for the extracted inclusions. 
 The size distribution of the extracted inclusions was shifted towards larger sizes 
compared to the distribution observed on the polished cross section. A summary of 
the results showed the average 3D inclusion size was greater than the 2D size by 
approximately 22%. 
 The shape of the inclusion size distribution for both the 2D and 3D measurements 
was lognormal. This suggests that 2D polished sections can be used directly to 
evaluate the age of an inclusion population without the need for converting the 




 Application of the Schwartz-Saltykov method for converting the 2D populations to 
3D resulted in an under prediction of the size distribution.  The error may be due to 
the assumed maximum inclusion size and/or the size detection limit of the Aspex 
AFA analysis. 
 Assuming a maximum inclusion size that was 50% greater than that observed in 
the 2D cross section produced a better fit between the predicted 3D distribution and 




The authors would like to thank the industry and faculty mentoring committee of 
the Peaslee Steel Manufacturing Research Center at Missouri S&T for their continuous 
guidance and support. Special thanks to Logan Huddleston for assisting with the steel 
dissolution and inclusion analysis. 
 
REFERENCES 
1. Abraham, S., Raines, J., & Bodnar, R., (2013). "Development of an Inclusion 
Characterization Methodology for Improving Steel Product Cleanliness", AIST 
Transactions, Vol. 11, No. 2, 1069-1083. 
 
2. Kaushik, P., Pielet, H., & Yin, H., "Inclusion Characterization – Tool for Measurement 
of Steel Cleanliness and process control: Part 1". Ironmaking and Steelmaking 36: 
561-571. 
 
3. Pretorius, E.B., Oltmann, H.G., & Schart, B.T. (2013). “An Overview of Steel 




4. Sahagian, D.L., & Proussevitch, A.A., (1998). “3D particle size distribution from 2D 
observations: stereology for natural application”. Journal of Volcanology and 
Geothermal Research, No. 84, 173-196. 
 
5. Underwood, E.E., (1970) “Quantitative Stereology (chapter 5)”. 
 
6. Li, T., Ahimasaki, S., Taniguchi, S., & Narita, S., (2016). “Reliability of Inclusion 
Statistics in Steel by Stereological Methods” ISIJ International Vol.56, No.9, 1625-
1633. 
 
7. Janis, D., Inoue, R., Karasev, A., & Jonsson, P.G., (2014). “Application of Different 
Extraction Methods for Investigation of Nonmetallic Inclusions and Clusters in Steels 
and Alloys”. Advances in Material Science and Engineering. 
 
8. Inoue, R., Ueda, S., Ariyama, T. & Suito, H., (2011). “Extraction of Nonmetallic 
Inclusion Particles Containing MgO from Steel”. ISIJ International Vol.51, No.12, 
2050-2055. 
 
9. Van Ende, M-A., Guo, M., Zinngrebe, E., Blanpain, B., & Jung, I-H., (2013). 
“Evolution of Non-Metallic Inclusions in Secondary Steelmaking: Learning from 
Inclusion Size Distributions,” ISIJ International, Vol. 53, No. 11, pp. 1974–1982. 
 
10. Adaba, O., Kaushik, P., O’Malley, R.J., Lekakh, S.N., Richards, V.L., Mantel, E., Hall, 
R., & Ellis, E.J.(2017). “Characteristics of Spinel Inclusions Formed after Reoxidation 
of Calcium-Treated Aluminum Killed Steel” Iron & Steel Technology, July 2017, p. 
38. 
 
11. Thapliyal, V.; Kumar, A.; Robertson, D.G.C.; Smith, J. D.; (2015) “Transient Inclusion 
Formation and Evolution in Silicon-Killed Steels”; Ironmaking and steelmaking; vol. 




III. SIZE DISTRIBUTION EVOLUTION OF INCLUSIONS IN ALUMINUM 
KILLED CALCIUM TREATED STEEL DURING STEELMAKING, 
CASTING, AND HOTROLLING 
 
Obinna M. Adaba*, Ronald J. O’Malley, Mingzhi Xu, Laura N. Bartlett. 
 
Deparment of Material Science and Engineering, Missouri University of Science and 
Technology, Rolla, MO 65409 
ABSTRACT 
The size distribution and morphology of inclusions in steel products are influenced 
by plant practices during steelmaking, casting and hot rolling. In this study, the evolution 
of the size distribution of oxide inclusions during the production of a line pipe steel in a 
mini mill was investigated. LMF, tundish, mold, and hot rolled coil samples were collected 
from a continuously cast sequence and the samples were analyzed using automated feature 
analysis (AFA). The inclusion nucleation and growth behavior were interpreted using a 
model for the size distribution evolution over time. 




Many oxide inclusions that are solid at steelmaking temperatures are detrimental to 
casting, mechanical properties and overall quality of the cast product due to their irregular 
shape, large size, and tendency to clog submerged entry nozzles [1, 2, 3]. Inclusion 
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engineering has become an important aspect of the steel refining process to minimize their 
effect on the steelmaking process and final product. Current inclusion engineering methods 
aim at controlling the amount of total oxygen in the steel through oxide flotation via 
attachment to argon gas bubbles, use of basic slags, and by modifying the composition and 
shape of the remaining inclusions by calcium addition [3,4,5]. These methods are employed 
to reduce total oxygen and sulfur levels to around < 20ppm and 30ppm respectively. 
However, with the inclusion requirements becoming even more stringent in existing steel 
grades and new grades of steel with vastly different inclusion populations, an 
understanding of how oxide inclusions evolve during steelmaking and the development of 
new techniques for evaluating and interpreting the inclusion evolution process to ensure 
the desired inclusion characteristics are met are important objectives. 
Numerous plant and laboratory studies have been performed to investigate how the 
composition of inclusion populations evolve during the steelmaking process. The use of 
joint/multiple ternaries has helped to visualize the inclusion composition changes that 
occur for different steel grades, steelmaking processing paths and during steelmaking 
additions [6,7,8]. However, the size distribution of the inclusion population, its total volume 
fraction in the steel and the changes in these parameters during processing is also important. 
In steelmaking, for example, large inclusions are generally undesirable in the final product, 
but are generally more effectively removed via argon stirring and attachment to gas 
bubbles.  
Particle size distributions and their shapes have been widely studied in fields of 
geology and chemical engineering and correlated to mechanisms of nucleation and growth 
[9, 10]. Through use of a size dependent growth model, Eberl, et al. [11] developed a method 
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for characterizing the evolution of lognormal distributions in crystal growth for conditions 
of instantaneous and continuous nucleation and different growth mechanisms. The results 
were used to explain the experimentally observed changes in size distributions with time 
in geological specimens. In steelmaking, Zinngrebe et al. [12] correlated the shape of the 
inclusion size distribution to conditions of nucleation and growth in steel processing and 
used observed changes in inclusion distributions at different processing times to explain 
inclusion agglomeration and coarsening and reoxidation events.  
The shape of the inclusion size distribution and its evolution can therefore provide 
insight about nucleation and growth conditions and the steelmaking practices that influence 
them. In this study, the evolution of the inclusion size distribution and shape was 
investigated by collecting and analyzing steel samples at an industrial mini-mill. LMF, 
tundish, mold, and coil samples were collected at the 2nd heat of a 4-heat casting sequence 
and the samples analyzed using automated feature analysis (AFA). Attempts were also 
made to describe the mechanisms of inclusion nucleation and growth in liquid steel from 
the evolution of the inclusion size distribution with time using estimated parameters from 
the Eberl, et.al. model. 
 
2. SAMPLING PROCEDURE AND INCLUSION ANALYSIS 
 
Liquid steel (lollipop) and coil samples were collected from an aluminum killed 
and calcium treated line pipe steel during the second heat of a four-heat continuously cast 
sequence. Table 1 shows the chemistry of the steel grade. Lollipop samples were taken at 
the LMF, tundish, and mold, while coil samples were taken from center sections of coils 
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produced from the 3rd and 6th slab of the heat, representing steel from the middle and top 
portion of the steel in the ladle. Table 2 lists all of the steel samples and their respective 
sampling location during processing and Figure 1 shows the timing of ladle additions as 
well as the periods of desulfurization during argon stirring.  
Sample sections were analyzed for inclusions by automated feature analysis (AFA) 
using an ASPEX PICA 1020 scanning electron microscope. Lollipop surface sections were 
selected for inclusion analysis to minimize solidification effects, while for the coil samples, 
inclusion analysis was performed in the direction transverse to rolling direction to 
minimize elongated inclusions. Prior to inclusion analysis, all metallographic samples were 
prepared according to ASTM E3-11. Inclusion analysis by AFA was performed at a 
magnification of 1000X and a step size of 0.31µm. The minimum inclusion size detected 
with these settings was approximately 0.5µm. For all samples, a minimum of 3000 
inclusions were counted and characterized. 
 
Table 1. Chemistry of the Al killed and Ca treated of line pipe steel grade, wt. %. 
C Mn Si Al Ca S Ti 










Table 2. Steel samples and their location during processing. Tundish samples were taken 
after different amounts of liquid steel transfer from the ladle to the tundish. Coil samples 
were taken from the center of coils produced from the 3rd and 6th slab and represent steel 
which was cast from the middle and top of the ladle. 
Sample Steel treatment Stage 
S1 After deoxidation (+15min) 
LMF 
S2 Before desulfurization (+41min) 
S3 After first desulfurization (+51min) 
S4 After second desulfurization (+60min) 
S5 Before Ca addition (+81min) 
S6 After Ca addition (+91min) 
T1 94% steel remaining in ladle  
Tundish T2 75% steel remaining in ladle 
T3 50% steel remaining in ladle 
T4 12% steel remaining in ladle 
M 50% steel remaining in Tundish Mold 
C3 3rd slab of heat  
Coil 




Figure1. Steel processing at the ladle showing times of sampling, alloy additions, and 
desulfurization with argon gas. Six lollipop samples were secured and a two-stage 
desulfurization process was performed by adding Al and lime and stirring with argon. 
Argon stirring was performed between samples S2 and S3 and also between samples S3 
and S4. Prior to taking sample S6, calcium wire was added for inclusion modification. 
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3. RESULTS AND DISCUSSION 
 
3.1. EVOLUTION OF INCLUSION COMPOSITION 
In sample S1, taken 15mins after deoxidation, a plot of the inclusion composition 
on a joint ternary showed two main inclusion types: solid calcium-magnesium-aluminates, 
and complex calcium-aluminates with CaS inclusions (Figure 2a). These inclusions are 
plotted in the Ca-Al-Mg and Ca-Al-S ternaries respectively. The particular section of the 
ternary that an inclusion was plotted in was selected based on the three highest 
concentration elements (wt. %) measured in the inclusion.  The two inclusion groups shown 
in each quadrant of the joint ternary plots shown in Figure 2 are therefore distinct. Also 
shown on the ternaries is a yellow region that highlights the predicted liquid phase at 
1600⁰C for the ternary quadrant. This region was calculated using Factsage 7.0® and using 
the FactPS, FTMisc, and FToxid databases. In the final coil sample that was produced from 
the 6th slab, the observed inclusions were (1) liquid calcium-magnesium-aluminates, (2) 
magnesium-spinels, (3) complex calcium-aluminates with CaS, and (4) pure CaS 
inclusions (Figure 2b). Due to difficulty in correctly separating complex oxy-sulfide 
inclusions, the oxide inclusions selected for this study were the inclusions belonging to the 
Ca-Al-Mg ternary diagram.  
Figure 3 shows the evolution of the oxide inclusion composition during 
steelmaking, casting, and coiling. As seen in Figure 2a for sample S1, the inclusions 
observed just after deoxidation already contained some calcium and magnesium. SEM 
investigation of these inclusions showed the presence of Mg-Spinel inclusions existing 
within a liquid calcium-aluminate phase. A thin layer of CaS was also observed at the 
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inclusion boundary. This inclusion type was observed in all the samples taken prior to 
calcium treatment and possibly resulted from the deoxidation practice employed, as both 
Al for deoxidation and synthetic slag formers were added at the same time and the bath 
was actively stirred with argon gas during this addition. Figure 4 shows a typical oxide 
inclusion. At the LMF, the Al content in inclusions decreased steadily while the Ca content 
increased during processing. A large increase in the Mg content was also observed in the 
sample taken after 1st desulfurization step. An increase in Mg content and growth of Mg-
spinel phase were both observed within liquid calcium aluminate inclusions during 
processing. After Ca treatment, both the Al and Mg content in inclusions decreased. A 
further decrease in both Al and Mg content was observed in sample T1 and the inclusion 
composition remained almost constant in later tundish and mold samples. In the coil 
samples, there was an increase in both Al and Mg contents, and a decrease in the Ca content 
of the oxide inclusions. This increase in both Al and Mg in the inclusions within the coil 









   
                             (a)                                                                (b) 
Figure 2. Inclusion composition. (a) After deoxidation (+15mins) and (b) coil (6th slab of 
heat). Two main classes of inclusions are observed: oxide inclusions in the Ca-Al-Mg 
ternary, and oxy-sulfide inclusions in the Ca-Al-S ternary. The yellow region outlines 
compositions where the inclusions are liquid at 1600⁰C. After deoxidation, solid calcium 
aluminates are observed. In the coil, magnesium spinels, liquid calcium aluminates and  





Figure 3. Evolution of the average oxide inclusion composition during steelmaking and 
coiling. Increased Mg content in inclusions is observed in sample S3 and after 1st 
desulfurization. Al content decreased steadily at LMF and Ca content increased. The 
inclusion composition is fairly constant during tundish transfer. The Al and Mg content in 






Figure 4. SEM image of an oxide inclusion and showing an element composition map. 
Mg-Spinel inclusions are observed within a liquid calcium aluminate phase. CaS is 
observed at the inclusion boundary. This inclusion was observed in all samples taken 
prior to Ca treatment and resulted from the deoxidation practice. 
 
3.2. EVOLUTION OF INCLUSION SIZE DISTRIBUTION AND ITS SHAPE  
Figure 5 shows the evolution of the oxide inclusion size distributions and their 
shape. After deoxidation and before desulfurization, the inclusions are larger than 1µm and 
the maximum detected inclusion size is approximately 20µm. With stirring and 
desulfurization, inclusions less than 1µm were observed. The maximum inclusion size also 
increased to approximately 30µm. The formation of inclusions less than 1µm after 
desulfurization is either due to nucleation and or due to growth of existing small inclusions 
not originally detected by the ASPEX AFA analysis because of its size detection limits. As 
seen for samples S4 and S5, the pre-calcium treatment rinse stirring step had no effect of 
the inclusion size distribution. After Ca addition, there was a shift in the distribution 
towards smaller inclusion sizes and an increase in the number density of inclusions less 









growth, and/or flotation that resulted from the high intensity stir during the Ca addition. 
During the early stages of ladle transfer to tundish (sample T1), the number density of 
inclusions less than 1µm decreased while that of larger inclusions increased. Finally, the 
size and range of inclusions did not change significantly for the later tundish, mold and coil 
samples.  
The size distribution of a non-metallic inclusion population is normally either 
lognormal or fractal. When plotted on a log-log scale, the shape of the distribution is either 
quadratic or linear [12]. A quadratic shape results early in the inclusion life cycle, while a 
linear shape usually identifies a well-aged inclusion population [12, 13]. The shape of the 
inclusion size distribution can therefore distinguish between different stages of inclusion 
nucleation and growth. Figure 6 shows comparisons of measured and estimated lognormal 
distributions for the different samples. The parameters for the theoretical lognormal 
distribution fits were estimated using the statistical software JMP® and for this, only 
inclusions greater than 0.7µm were considered. This size was selected due to observed 
formation of a second distribution curve below 0.7µm and as seen in samples S4, S5, and 
S6. The result of these distribution fit tests indicated that at 0.05 significance level, all 
sample inclusion distributions except the distributions in samples S3, S4, S5, S6 and T4 
(12% steel in ladle) are well described by the estimated lognormal distribution. At 0.01 
significance level, the inclusion distribution of sample S3 is also lognormal. With these 
results and by visual comparison of the measured and estimated distributions, it is 
suggested that while sample S6 (after Ca) is definitely not lognormal, samples S4, S5, and 
T4 can be described as being pseudo-lognormal. For these samples, although the fit test 
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technically failed at 0.01 significance level, there is a close fit visually between the 
measured and estimated distributions.  
The shape of the inclusion distributions at the LMF is therefore observed to 
transform from quadratic for the samples taken after deoxidation and before desulfurization 
to semi-quadratic after desulfurization and finally linear after Ca treatment. The results 
indicate that although there is an increase in the number density of small inclusions after 
desulfurization and Ca treatment, the increased density is believed to be from growth of 
small inclusion not originally detected by ASPEX AFA analysis. During tundish transfer, 
a change in the shape of the inclusion distribution from linear to quadratic is observed, 
suggesting that reoxidation has occurred in the tundish.  
The tundish practice employed during this trial was a two-layer flux practice, 
employing a thin liquid calcium aluminate layer topped with a solid MgO insulating layer.  
A closer investigation of this practice revealed that the solid MgO insulating layer addition 
completely absorbed the liquid calcium aluminate layer, and that no measurable liquid 
layer was present in the tundish during casting. This condition allowed air to reach the steel 
and hence resulted in reoxidation in the tundish. With increasing time, successive samples 
from the tundish (T1-T4) show an increasing deviations from linearity. Some additional 
reoxidation also appears to have occurred during transfer to the mold, as the distribution at 
this stage is even slightly more quadratic. Unfortunately, due to the limited time that the 
steel spends in the mold, no further inclusion growth or removal was observed and the 





                    
                              (a)                                                                           (b) 
After deox.(S1), and before desulfurization (S2)               After 1st (S3), and 2nd (S4) 
                                                                                                    desulfurization 
                    
                               (c)                                                                          (d 
Before Ca (S5),  and After Ca (S6)                           Early tundish . 94% (T1), and 75%  
                                                                                                      (T2) steel in ladle
                  (e) 
Late tundish. 50% (T3), and 12% (T4) steel in ladle        (f) Mold and coil samples   
 
Figure 5. Evolution of the oxide size distribution and its shape. The shape of the 
distribution is observed to transform from quadratic to semi quadratic and finally linear 
after Ca treatment. Reversion back to quadratic is observed during tundish transfer and 
also in the mold. Shape of the distribution at the mold was preserved in the coil samples. 
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Figure 6. Comparison of estimated lognormal distribution with the measured data. 
Distribution fit tests using JMP® concluded that at 0.05 significance level, all but 
samples S3, S4, S5, S6, and T4 could be described by the estimated distribution. At 0.01 
significance level, S3 can also be described by the estimated distribution. Visual 






3.3. KINETICS OF INCLUSION NUCLEATION AND GROWTH AND 
RELATIONSHIP TO THE EVOLUTION OF THE PARTICLE SIZE 
DISTRIBUTION  
 
Eberl et al. [11] represented the formation and evolution of lognormal distributions 
using the law of proportionate effect (LPE) to relate the changes in the mean and standard 
deviation of a lognormal population to different potential nucleation and growth 
mechanisms. Simulations were performed assuming instantaneous nucleation and growth, 
continuous nucleation (fixed nucleation, increasing nucleation, and decreasing nucleation 
with time) and growth.  Different growth models were also considered: (1) Growth 
controlled by nucleation on crystal surface, (2) Growth controlled by diffusion to the 
crystal surface, (3) Ostwald ripening, (4) Kinetic ripening and (5) Agglomeration. The 
summary of his results are shown in Table 3. The results from his simulations suggested 
that: 
 Instantaneous nucleation of crystals having the same initial size and growth by the LPE 
produces a lognormal distribution. If after a certain time, particles nucleate at a fixed 
or increasing rate, the distribution changes from lognormal to asymptotic/fractal. If the 
nucleation decreases with time, the distribution remains lognormal. 
 A change from asymptotic/fractal to lognormal distribution can occur with further 
growth that is controlled by nucleation on the crystal surface. 
Figure 7 is a plot showing changes to the mean and variance of the estimated 
lognormal distributions for the different samples evaluated in this study. As shown in 
Figure 6, the starting shape of inclusion size distribution was lognormal. Eberl’s model 
suggests that this distribution shape results from either an instantaneous or a decreasing 
nucleation rate in conjunction with surface controlled growth. This mechanism is also 
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supported by the observed increase in variance with the increased mean for the distribution 
in sample S3. After desulfurization the variance increases exponentially while the mean 
decreases. This trend class was not discussed in Eberl’s simulations, however, the trend is 
similar to the conditions of surface-controlled growth with fixed or accelerating nucleation 
rate. The difference is that, for this case, the mean decreases with time. This observed 
decrease in the mean may be from flotation, which was not considered in Eberl’s 
simulations.  
For samples taken after desulfurization and Ca treatment, the shape of the 
distribution transitioned from quadratic to linear.  In this case, we suspect that the increase 
in the number of small inclusions is from the growth of inclusions not originally detected 
with AFA because they were previously below the AFA detection limit of 0.5µm. 
Examinations of the inclusion population distribution at a higher resolution are planned to 
test this hypothesis.  For the transfer from ladle to tundish, the shape of the distribution 
changed from linear to quadratic. Because the estimated parameters for the lognormal 
distribution for sample S6 are not representative of the true inclusion population, it would 
be inappropriate to propose a mechanism during tundish transfer based on these 
parameters. So, while the parametric representation of inclusion populations by changes in 
the mean and variance of the population over time appears to be a promising way to 
characterize the mechanisms driving changes to an inclusion population over time, 
additional models that incorporate phenomena such as inclusion flotation must still be 





Table 3. Summary of growth mechanisms, shape of size distribution, changes in the 
variance (σ2) and mean (µ) of a lognormal distributed size distribution. [11]. 
Growth mechanism CSD shape Comments 
Surface controlled 
growth with 
instantaneous nucleation  
Lognormal 
σ2 increases linearly 
with increasing µ 
Surface controlled 








growth with decreasing 
nucleation 
Lognormal 
σ2 increases linearly 
with increasing µ 
Diffusion controlled 
growth of lognormal or 
asymptotic distribution 
No Change in distribution 
σ2 is constant with 
increasing µ 
Diffusion controlled 
Ostwald ripening of 
lognormal or asymptotic 
distribution 
CSD becomes more 
symmetrical and is negatively 
skewed at longer times 




No Change in distribution 
σ2 is constant with 
increasing µ 
Agglomeration 
Can be pseudo-lognormal, 
multimodal, or have other 
shapes 
σ2 may increase or 






Figure 7. Plot showing the change in mean with variance for the estimated lognormal 
distributions of the different samples. Based on the change in the parameters and 
proposed nucleation and growth mechanisms, it suggest conditions of either an 
instantaneous or decreasing nucleation with surface controlled growth. During 
desulfurization, a surface controlled growth coupled with flotation is also proposed. The 





The evolution of the oxide inclusion size distributions during steelmaking, casting 
and rolling was investigated. A model that relates changes in the mean and variance of a 
lognormal inclusion population with time, based on various nucleation and growth 
mechanisms, was used to visualize and interpret the mechanisms driving changes in the 
oxide inclusion population during processing. The summary of the results are: 
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1. The inclusion size range was observed to increase after desulfurization and did not 
change significantly after this. After deoxidation and before desulfurization, the oxide 
inclusions were greater than 1µm and the maximum size was 20µm however, after 
desulfurization, inclusions less than 1µm were observed and the maximum inclusion 
size was 30 µm 
2. Distribution statistical tests for the different samples showed that at 0.05 significance 
level, inclusion distributions in samples S1, S2, T1, T2, T3, M, C3, and C6 were well 
fit using lognormal distributions and S3 fit at a 0.01 significance level. Oxide 
distributions in samples S3, S4, S5, and T4 were found to be pseudo-lognormal while 
the distribution in S6 was log-linear. 
3. The shape of the oxide distribution at LMF and on a log-log scale was observed to 
evolve from quadratic, to semi-quadratic (after desulfurization) and finally linear after 
Ca treatment. This result suggests inclusion nucleation after deoxidation and growth 
due to argon stirring and desulfurization. An observed increase in small inclusions after 
desulfurization and Ca treatment was likely due to growth of small inclusions not 
originally detected in prior samples by AFA analysis. 
4. At the tundish, a two-layer slag practice consisting of thin liquid calcium aluminate 
layer covered by a solid MgO insulating layer failed to protect the steel and resulted in 
steel reoxidation. This reoxidation changed the shape of the inclusion size distribution 
from linear after Ca treatment to quadratic in the tundish. A slight additional increase 
in the quadratic shape of the distribution in the mold suggests that some reoxidation 
may have occurred during steel transfer to the mold. The quadratic distribution found 
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in the mold sample was preserved in samples taken from coil samples, suggesting that 
no significant changes to the inclusion population occurred after solidification. 
5. The Eberl model parameter fit trends suggested that an instantaneous or a decreasing 
nucleation rate and surface-controlled growth controls the evolution of the inclusion 
population in samples taken after deoxidation and before desulfurization. The model 
also suggested that surface-controlled growth controls the evolution of the inclusion 
population after desulfurization and Ca treatment, if inclusion flotation is used to 
explain the drop in the mean inclusion size. The model could not be used explain 
observed trends in the tundish and mold, suggesting that more work is needed to adapt 
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IV. EFFECT OF PRE-EXISTING INCLUSIONS ON THE SIZE AND 
MORPHOLOGY OF Al2O3 INCLUSIONS-PART 1: RESULTS FROM TWO-
STAGE AND FIXED SUPERSATURATION DEOXIDATION 
 
Obinna M. Adaba*, Ronald J. O’Malley, Laura N. Bartlett 
Deparment of Material Science and Engineering, Missouri University of Science and 
Technology, Rolla, MO 65409 
ABSTRACT 
The effects of preexisting MnO∙SiO2 and FeO inclusions on the size and 
morphology of Al2O3 were investigated. Two-stage deoxidation with Mn and Si followed 
by Al and single-stage Al-deoxidation at [O] levels of 287ppm [O], 612ppm [O], and 
1071ppm [O] were performed. The results showed heterogeneous nucleation and growth 
of Al2O3 onto MnO-SiO2 and FeO inclusions that were present in the steel before Al 
deoxidation. The transformation from MnO∙SiO2 to Al2O3 was slow and controlled by Al 
diffusion through an Al2O3 reaction product layer but that the conversion of FeO to Al2O3 
was relatively fast and likely controlled by Al-diffusion in liquid steel. For both 
deoxidation processes, clustered Al2O3 inclusions were observed. However, reactions 
involving preexisting FeO also produced dendrites and large spherical inclusions within 
the inclusion clusters. For same supersaturation level, the average size and area fraction of 
the spherical Al2O3 produced from reactions with FeO increased with increasing FeO 
content. Al2O3 inclusions formed from reactions with MnO∙SiO2 inclusions had a smaller 






The promotion of inclusion growth and removal is an important step for achieving 
a high level of steel cleanliness through flotation and bubble attachment during steel 
processing. Oxide inclusions in liquid steel are produced during steel deoxidation [1] and 
the subsequent changes in the inclusion population depend on various factors that include 
the type of deoxidant, method and sequence of deoxidation, the active oxygen content of 
the steel during deoxidation, degree of supersaturation of the steel following deoxidation 
and the presence of any preexisting inclusions in the steel prior to deoxidation[2, 3]. An 
improved understanding of the factors that influence the size, shape, composition, and 
morphology of an inclusion population and the factors that promote inclusion growth, 
agglomeration, and flotation would be beneficial for developing improved steelmaking 
practices for the promotion of inclusion removal.  
Inclusion growth in liquid steel occurs predominantly by collision [4] and removal 
is favored by a large size and high interfacial energy between the inclusion and the steel 
and large contact angles between the inclusion and steel in a steel-inclusion-gas system [5]. 
Aluminum is widely used to deoxidize steel and the resulting Al2O3 inclusions have high 
interfacial energies and contact angles of greater 90 degrees. However, these inclusions 
exist in various shapes that can influence their ability to agglomerate to produce large and 
dense inclusions [6].  
Heterogeneous nucleation and growth via reactions with preexisting inclusions can 
influence the size and morphology of Al2O3 inclusions. The presence of FeO inclusions in 
unkilled steel has been a subject of debate because their thermodynamic stability is 
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predicted to be at higher oxygen contents than is typically observed in industrial mills [7, 8]. 
However, FeO rich inclusions have been observed during EAF sampling at tap oxygen 
levels of 1018ppm [O] and in laboratory tests as low as 287ppm [O]. A comparison of the 
starting size distribution of the FeO inclusions and the Al2O3 size distribution formed after 
deoxidation showed remarkable similarities that suggested that heterogeneous nucleation 
and growth of Al2O3 on FeO inclusions may have occurred. In addition to FeO, another 
inclusion that can potentially be used control the size and morphology of Al2O3 is 
preexisting MnO·SiO2 inclusions. The addition of Mn and Si in certain steel grades before 
Al deoxidation can result in the formation of Al2O3 inclusions on these inclusions as well. 
The effect of preexisting FeO and MnO-SiO2 inclusions on the size, shape and 
morphology of Al2O3 was investigated in this study. Two-stage and single-stage Al-
deoxidation experiments were performed by melting a steel charge and using specially 
designed samplers to isolate and examine the local deoxidation event at different times 
after deoxidation and for different steel compositions. Samples were quenched after several 
hold times following deoxidation and the resultant inclusion analyses were performed on 
both 2D polished cross-sections and on filter paper in 3-D after inclusion extraction from 
the steel. 
 
2. EXPERIMENTAL DESIGN AND SAMPLING PROCEDURE 
 
Two steel deoxidation experiments were performed to study the effects of 




(1) A two-stage deoxidation experiment was performed by first deoxidizing the steel with 
a combination of Mn and Si and then following the treatment with an Al addition made in 
an isolated sampler. 
(2) A single-stage deoxidation experiment was performed in steel containing different 
amounts of dissolved oxygen (and preexisting FeO) with an Al addition made in an isolated 
sampler. Deoxidation experiments were performed by melting charge material in a 100lb 
capacity induction furnace and using specially designed samplers to study the local 
deoxidation reactions at different times. The oxygen content of the steel was controlled by 
blowing oxygen on steel bath, followed by argon shrouding of the bath surface. 
The charge material for the two-stage deoxidation experiment was induction iron 
and the composition is shown in Table 1. Electrolytic iron was used for the single-stage 
deoxidation experiment to avoid preexisting MnO-SiO2 inclusions that were present in the 
induction iron charge. The composition of the electrolytic iron is shown in Table 2.  
 
Table 1. Composition of induction iron, ppm. 
C Al Mn Si Ti S 
30 10 300 30 10 30 
 
Table 2. Composition of electrolytic iron, ppm. 
C Al Mn Si Ti S 
20 <5 5 5 <5 5 
 
Two sampler types were used for this study; a rapid quench sampler for 
characterizing the inclusions at the very early times of deoxidation (≈1 second), and a 
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ceramic shell sampler for characterizing the inclusion population at longer deoxidation 
times (> 10 seconds).  
Two-stage deoxidation experiments were performed by first deoxidizing the 
furnace melt with Mn and Si and then using a ceramic shell sampler containing Al to 
deoxidize and sample the steel. The ceramic shell sampler consisted of zircon shell, two 
openings; a steel inlet and gas out, and solid pieces of Al placed within the sampler for 
deoxidation. When fully filled, the mass and volume of steel were approximately 224g and 
29cm3 respectively. Figure 1 shows a schematic of the sampler and position of the Al 
deoxidant. Samples were quenched in a water bath after holding in the bath for different 




Figure 1. Schematic of the ceramic shell sampler used for the two-stage deoxidation 
experiment. Furnace melt was deoxidized with Mn and Si and the sampler containing Al 
used to sample the melt and further deoxidize the steel with Al. 
 
Single-stage deoxidation experiments with Al were performed in steel containing 
different amounts of dissolved oxygen, The oxygen content of the steel bath was increased 
by blowing O2 gas over the bath surface until target levels were achieved. Dissolved 
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oxygen measurements were taken with a Celox® probe. Once target dissolved oxygen 
levels had been achieved, it was maintained by introducing an Ar(g) blanket over the steel 
bath 
The rapid quench and ceramic shell sampler were used for this study. The rapid 
quench sampler consisted of a Cu-chill and an 8mm diameter quartz tube with 0.1g Al wire 
placed inside. The steel was sucked through the tube, deoxidized by the Al wire, and 
solidified quickly on contact with the Cu chill. The distance between the position of the 
Al-wire and Cu chill was 80 mm and the estimated quench time after deoxidation 
approximately 1 second. Figure 2 shows a schematic of the rapid quench sampler. Also 
shown is the ceramic shell sampler and the location of the Al deoxidant in the sampler. 
With the ceramic shell sampler used in single-stage deoxidation, the position of the Al 
deoxidant was fixed (Figure 2b), whereas the Al deoxidant was not fixed in the two-stage 
deoxidation experiment (Figure 1). 
 
                          
                                     
                                                   (a)                                          (b) 
 
Figure 2. (a) Early stage sampler and (b) Ceramic shell sampler. Early stage sampler was 
used to take samples within 1sec. of deoxidation. Position of Al-alloy in ceramic shell 
sampler was fixed. 
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Before performing the single deoxidation experiment, thermodynamic calculations 
were conducted with FactSage 7.0® using the appropriate charge composition to predict 
the composition of any preexisting inclusion populations and to select the target [Al] and 
[O] contents for the experiment. Calculations were performed at 1600⁰C using the FactPS, 
FTMisc, and FToxid databases. Figure 3 shows the predicted inclusion phases at different 
[O] levels in the steel. Beyond 500ppm [O], only liquid inclusions were predicted and were 
composed predominantly of FeO. The composition of the liquid inclusion is shown in 
Figure 4.  
The dissolved oxygen levels selected for this experiment were 300ppm [O], 
600ppm [O] and 1100ppm [O]. These levels were selected to study the steel deoxidation 
at dissolved oxygen levels typically observed in integrated (BOP) and mini-mill (EAF) 
steelmaking processes. To eliminate the effect of supersaturation on the inclusion 
population, the target dissolved-Al was varied at the three different dissolved [O] levels to 
maintain a fixed supersaturation level. Equation 1 shows the relationship for the 
supersaturation ratio (Π) and Table 3 shows a summary of the target steel concentrations 
at the three different [O] levels. The predicted of supersaturation from Factsage® was log 
Π = 5.5 
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Figure 3. Predicted inclusion phases with Factsage 7.0®. Above 500ppm [O], only liquid 




Figure 4. Composition of the “liquid” phase predicted with factsage 7.0®. The liquid 




Table 3. Target [Al] and [O] levels selected for the experiment. Supersaturation was 




[Al], wt.% Log Π 
300 0.11 5.5 
600 0.79 5.5 
1100 1.55 5.5 
 
 
Both 2D-cross-section analysis and 3D analysis of the inclusions after extraction 
were performed on the collected samples. 2D analysis were performed with automated 
feature analysis (AFA) using an Aspex Pica 1020 SEM with EDS. AFA analysis was 
conducted at a magnification of 1000X and step size of 0.31µm. The minimum inclusion 
size measured was 0.5µm and, for all samples, a minimum of 3000 inclusions were 
counted. Extraction was performed via electrolysis with a 2v/v% tri-ethanolamine, 1g/v% 
tetra-methyl-ammonium chloride, methanol solution. This was done according to the 
method described previously by the authors [9, 10]. After steel dissolution, the solution was 
filtered through a 0.2µm polycarbonate filter and the inclusions collected on the filter paper 
were gold coated prior to SEM/EDS analysis. The total mass of steel dissolved was 
approximately 0.05g for all samples. 
 
3. RESULTS AND DISCUSSION 
 
3.1. TWO-STAGE DEOXIDATION WITH Mn AND Si FOLLOWED BY Al  
This experiment was performed to study the effect of preexisting MnO·SiO2 
inclusions on the size and morphology of the Al2O3 inclusions formed after Al deoxidation. 
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FeMn and FeSi were added into the furnace melt for the first deoxidation step to a target 
of 0.6 wt. %Mn, and 0.15 wt. %Si. The estimated dissolved [O] at this stage was 70ppm 
[O]. The second deoxidation step occurred in the ceramic shell sampler containing Al 
deoxidant. The Al addition was added to a target level of 0.4wt. % Al in the isolated 
sampler. The samplers were quenched in water after deoxidation and hold times of 10 
seconds, 1 minute, and 2 minutes. Inclusion analysis was performed on sample sections 
taken at 10 mm from sample base. 
Figure 5 shows a joint ternary plot of the preexisting inclusion composition. The 
yellow region outlines the liquid phase at 1600ºC and each dot on the plot represents a 
single inclusion. Red dots are for inclusions >5µm, green dots are inclusions between 2µm 
and 5µm and blue dots are inclusions <2µm. The preexisting MnO·SiO2 inclusions were 
rich in MnO, but predominantly liquid. Also shown is a 2D SEM image of a MnO∙SiO2 
inclusion that is observed to be spherical. 
After Al-deoxidation, complex MnO-SiO2-Al2O3 and pure Al2O3 inclusions were 
observed. The inclusion composition for the sample quenched 10 seconds after Al 
deoxidation is shown in Figure 6. Similar inclusion compositions were observed in samples 
taken after 1 minute and 2 minute hold times. An SEM investigation of the complex 
inclusions showed them to consist of a MnO∙SiO2 rich core that was surrounded by an 
Al2O3 reaction layer. Metallic manganese and silicon was observed at the interface between 
the Al2O3 and MnO∙SiO2 rich phases. Figure 7 shows a 2D SEM image of one of the 






Figure 5. Preexisting MnO·SiO2 inclusions. Inclusions were MnO-rich and circular on a 





Figure 6. Inclusions composition after Al-deoxidation. Composition shown for a 






Figure 7. Complex MnO·SiO2∙Al2O3 showing transformation. Red arrow is Al2O3, yellow 
arrow is Al-MnO∙SiO2, white arrow is metallic Mn and Si, and green arrow is a pore. 
 
 




Al Mn Si O 
Al2O3 61 4 0 36 
Al- MnO∙SiO2 13 31 12 44 
Metallic Mn-Si 0.4 91 8 0 
 
 
The Al2O3 morphologies in samples examined in cross-section and after extraction 
were a mix of spherical, angular, and clustered morphologies. The spherical and angular 
morphologies were typically observed in isolation and both Mn and Si were sometimes 
detected as part of their composition. This suggests that these inclusions formed from the 
preexisting MnO∙SiO2 inclusions. 
Inclusion clusters were composed of open networks with needle and faceted 
morphologies and spherical features were observed at their tips and between branches. 
Spherical inclusions observed at branch tips were smaller than the isolated ones and 
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possibly resulted from cluster coarsening. Figure 8 shows images of the Al2O3 inclusions 
after extraction. Faceted morphologies are characteristic of growth under low 
supersaturation levels and suggest the clusters likely formed during the homogenous 
nucleation and growth.  
Figure 9 shows the inclusion area fraction (AF) plot vs inclusion diameter before 
and after Al deoxidation. Only inclusion samples taken after hold times of times of 10 
seconds and 1 minute after Al-deoxidation are shown together with the preexisting 
MnO·SiO2 inclusions in this figure for clarity. The AF of inclusions after Al-deoxidation 
are smaller than the AF of the preexisting MnO·SiO2 inclusions and the AF and the size 
both decreased with time after Al-deoxidation. This shift in size and decrease in AF 
suggests that inclusion flotation and removal occurred in the sampler. Another possible 
explanation for this is inclusion attachment to the shell wall from the unconstrained Al 
deoxidant in the sampler. 
 
     
                      (a)                                            (b)                                             (c) 
Figure 8. Morphology of Al2O3 inclusions after extraction. (a) Spherical, (b) and (c) are 
clusters. Clusters branches showed needle and faceted morphologies and possibly 





Figure 9. AF plot of preexisting MnO∙SiO2 and inclusions formed after Al-deoxidation. 
 
 
3.2. SINGLE-STAGE DEOXIDATION WITH Al AT DIFFERENT DISSOLVED 
OXYGEN LEVELS  
 
Single-stage Al deoxidation experiments in steel containing different levels of 
dissolved oxygen were performed to study the effect of increasing dissolved oxygen 
content and preexisting FeO inclusions on Al2O3 size and morphology at a fixed level of 
supersaturation. The oxygen levels in steel were increased by blowing O2 gas over the 
furnace bath surface until the target levels of dissolved oxygen were reached. Once 
reached, argon gas was introduced to minimize reoxidation during sampling. After 
sampling, the oxygen level was further increased to the next target level. All experiments 
were performed with the same furnace melt. 
Figure 10 shows the change in dissolved oxygen content during the experiment and 
the actual dissolved oxygen levels where the deoxidation and sampling was conducted. The 
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oxygen levels tested were 287 ppm [O], 612 ppm [O], and 1071 ppm [O]. Table 5 is a 
summary of the collected steel samples with the ceramic shell sampler. Blank ceramic shell 
samplers with no Al addition were also taken before those containing Al deoxidant to 
characterize the preexisting inclusion population. The amount of Al added into the sampler 
at each oxygen level was varied to keep the degree of supersaturation constant for all 
experiments. 
A rapid quench sample was only taken at 287ppm [O], as we were unable to take 
samples at 612ppm [O], and 1071ppm [O] because of difficulties in obtaining viable melt 
samples at these conditions. 
 














287 0.11 ✔ ✔ ✔ 
612 0.79 ✔ ✔ ✔ 
1071 1.55 ✔ ✔ ✔ 
 
 
Before performing an analysis of the inclusions in the samples, an attempt was 
made to verify the dissolved Al levels predicted by FactSage® using an atomic absorption 
spectrometer (AAS) on samples where inclusions were extracted. Steel samples weighing 
approximately 0.2g were dissolved in HCl which had been heated to 70ºC. After 
dissolution, the solution was filtered through a 0.2µm polycarbonate filter paper and the 




A 1mg/ml standard solution was used to calibrate the equipment and the tests were 
performed according to the recommended procedure [11]. The results showed dissolved-Al 
amounts within the expected levels but with large variations. A possible explanation for 





Figure 10. Liquid steel temperature and active oxygen measurements. Temperature and 
active oxygen were measured with a Celox/thermocouple probe. Arrows indicate 
respective steel active oxygen levels during sampling. A total of 4 to 5 samples were 
collected at each [O]. 
 
3.2.1. FeO Inclusions in Steel. The presence of FeO inclusions in steel has been 
subject to some debate, with some authors suggesting that the observed inclusions form 
during slow cooling. This is because at the relatively low [O] content at tap (200 ppm [O] 
to 1000 ppm [O]) during steel processing at industrial mills, pure FeO is not predicted to 
form. However, FeO rich inclusions have been observed in industrial trials where the EAF 









































inclusions at the levels of [O] studied in this investigation using a relatively pure Fe melt 
chemistry. In addition, the morphology of the observed FeO inclusions is spherical, 
whereas oxide inclusions formed during solidification typically exhibit a dendritic 
morphology [12].  
Figure 11 shows FeO rich inclusions after sampling and extraction from the melt 
with no deoxidant addition. These inclusions were observed in samples taken before 
deoxidation at all dissolved [O] levels examined and were all spherical after extraction. 
Figure 12 shows the change in the FeO inclusion size level in the steel. A minimum of 
4000 FeO inclusions were counted in each sample. An increase in both the average size 
and area fraction is observed as the active oxygen is increased. Table 6 shows a summary 
of these inclusion characteristics. The average composition of the FeO inclusions was 76 
wt. %Fe and 22 wt. %O. Trace amounts of aluminum and sulfur were observed, but these 









Figure 12. Size distribution of FeO inclusions at different [O]. 
 
 









287 1.03 9.4 908 
612 1.63 7.3 3271 
1071 2.38 7.9 7222 
 
3.2.2. Inclusion Morphology After Deoxidation. Single and two-phase spherical 
inclusions and Al2O3 clusters were observed at 1 second after Al deoxidation. Spherical 
morphologies were predominant and Al2O3 clusters were infrequent.  
Figure 13 shows both a 2D and 3D image of the two-phase inclusion. The 
composition of the dark phase was 20 wt. % Al2O3 and 80 wt. % FeO and that of the grey 
phase was 5 wt. % Al2O3 and 95 wt. % FeO. This inclusion sample captures the very early 
stages of heterogeneous nucleation and growth of Al2O3 on FeO. 
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                                 (a)                                                                  (b) 
Figure 13. Early stage heterogeneous nucleation and growth of Al2O3 on FeO observed in 
(a) 2D polished cross section, and (b) after extraction. White arrow in (b) is FeO and 
black arrow is a mixture of FeO and Al2O3.  
 
At 1 minute and 4 minutes after deoxidation, the Al2O3 morphologies were 
predominantly dendrites and clusters. These morphologies were observed at all three 
oxygen levels studied and examples are shown in Figure 14. The dendrites had single and 
multiple primary and secondary dendrite arms and their tips showed evidence of tip 
coarsening where small spherical shapes were observed at the dendrite tips. 
Some clusters from this study appeared to be denser than those observed in the two-
stage deoxidation study. Clusters consisted of both spherical and dendritic inclusions and 
many of the branches had needle-like morphologies. No faceted inclusions were observed. 
Observed within the clusters were relatively large spherical inclusions that appeared to act 
as nuclei for further heterogeneous nucleation and growth (Figure 14c). Both spherical and 
dendritic morphologies were observed to grow from these large round inclusions.  
The large spherical inclusions, and some smaller spherical inclusions, are believed 
to result from the reaction of Al with preexisting FeO inclusions during the early stages of 
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deoxidation. Because heterogeneous nucleation is favored, the reaction of Al with FeO 
proceeds much more rapidly that the reaction of Al with [O] dissolved in the steel. Once 
complete, the liquid steel still contains high levels of dissolved oxygen must still react with 
Al. This produces continued nucleation and growth from the fully transformed Al2O3 
inclusions that formed from the preexisting FeO inclusions. 
Figure 15 shows a comparison between the area fraction (AF) of the preexisting 
FeO and only the spherical Al2O3 inclusions after deoxidation. These plots are based on 
AFA analysis on the 2D-cross-section and the criteria for a spherical Al2O3 was an aspect 
ratio of between 1 and 2. At the three oxygen levels studied, the AF of the spherical Al2O3 
were all larger than the AF of the preexisting FeO population, but the smallest sizes follow 
the shape of the preexisting inclusion population. The largest inclusion sizes are observed 
in at 1071ppm [O]. It is important to note that for all three experiments, the degree of 
supersaturation was same. Hence, the different sizes are largely due to the effects of the 
preexisting FeO inclusion population. 
 
 
    
                      (a)                                           (b)                                           (c) 
Figure 14. Al2O3 dendrites and clusters observed at later stages of 1min and 4mins after 
deoxidation. (a) Dendrite, b) Cluster. (c) Large spherical inclusion in cluster that acts as a 
nucleus for further nucleation and growth of Al2O3. 
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                                 (a)                                                                      (b) 
 
                                                                              (c)   
 
Figure 15. Comparison between AF of preexisting FeO and spherical Al2O3 after 
deoxidation. (a) 287ppm [O], (b) 612ppm [O], and (c) 1071ppm [O]. AF of spherical 
Al2O3 is larger than preexisting FeO at the three different [O] levels. 
 
3.3. MECHANISM OF HETEROGENEOUS NUCLEATION AND GROWTH OF 
Al2O3  
 
Equations 2 and 3 show the reactions of Al with MnO·SiO2 and FeO respectively. 
The possible controlling mechanisms for the heterogeneous nucleation and growth are the 
external transfer of Al, oxygen and reaction products to and from the inclusion-steel 
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interface, and diffusion of Al, oxygen and element products through an Al2O3 product 
layer. The external transfer in the steel could be controlled by convective mass transfer or 
diffusion, but convection is much more likely. Chemical reaction kinetics are unlikely to 
be rate controlling because of the high temperatures.  
 
       2Al + MnO·SiO2 = Al2O3 + Mn + Si                                             (2) 
                2Al + 3FeO = Al2O3 + 3Fe                                                     (3) 
 
For the MnO·SiO2 to Al2O3 transformation, the observed image of the complex 
inclusion in Figure 6 suggests that the transformation is controlled by the diffusion of Al 
through the Al2O3 product layer.  
Diffusion of Al through Al2O3 layer is expected to be very slow and has been 
estimated to be in the order of 10-16 m2/s for solid state diffusion of Al in Al2O3 
[13]. 
However, this diffusion can be influenced by the presence of defects in the Al2O3 structure. 
Using the equation of the time for complete transformation of a diffusion-controlled 
shrinking core model [14] (Equation 4), the estimated diffusion coefficient of Al in Al2O3 
using data from the authors in [15] was about 7*10-11m2/s. Where “t” is time in seconds, “n” 
is stoichiometric factor for Al, “ϱ” is density of inclusion (g/m3), “R” is radius (m), “D” is 
diffusion coefficient (m2/s) and “C” is concentration of Al (g/m3).  
Using the estimated diffusion coefficient, the calculated time for the complete 
transformation of a 30µm MnO·SiO2 inclusion is about 2minutes.  
 
              t = (n* * R2)/ (6*D*c)                                                      (4)  
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Single and two-phase spherical inclusions were observed at 1sec after Al-
deoxidation. The estimated composition of the Al-rich phase in the two phase inclusion 
(Figure 12) was 20 wt. % Al2O3 and 80 wt. FeO. For the single inclusions, their average 
composition was 65 wt. % Al2O3 and 35 wt. % FeO. Figure 15 is the FeO-Al2O3 phase 
diagram [14]. At 1600ºC, the Al2O3 saturation in the liquid inclusion is about 25 wt. % Al2O3 
and suggests the Al-rich phase of the two-phase inclusion is close to saturation. The single 
phase Al2O3 inclusions may have a composition in the FeAl2O4-Al2O3 phase region.  
However, it was difficult to determine if the inclusions were Fe-aluminate spinel inclusions 
by EDS analysis. 
For the FeO to Al2O3 transformation, the observed two-phase inclusion images 
suggest that growth may occur by reactions at the FeO-Al2O3 interface rather than at the 
FeO-steel interface. The latter would result in a structure similar to that observed for the 
MnO·SiO2 to Al2O3 transformation, with metallic droplets forming at the reaction interface 
and a ring of Al2O3 reaction product surrounding the droplet. However, SEM analysis of 
the two-phase inclusions did not show any evidence of Fe droplets at the FeO/Al2O3 
interface and we observe that only one site on the FeO inclusion interface nucleates solid 
Al2O3 according to equation 2.  
According to Figure 16, Al2O3 is relatively soluble in FeO (about 8 wt. % at 
1600ºC).  In order to explain the absence of metallic Fe and the absence of a ring reaction 
product at the FeO-Al2O3 interface, we propose that Al oxidizes to Al2O3 at the Fe-FeO 
interface, enters the inclusion as dissolved (Al2O3)in FeO and then precipitates at the solid 
Al2O3-FeO interface as solid Al2O3. With the proposed reaction mechanism, the reaction 
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of Al in the steel with FeO occurs at FeO-steel interface, forms (Al2O3) which dissolves 
into the FeO and the resultant Fe reaction product ends up in the steel.  
Figure 17 shows a schematic of the different growth paths of Al2O3 on MnO∙SiO2 
and FeO inclusions. The absence of a two phase FeO/Al2O3 inclusion morphology at 
deoxidation times of 1 minute or greater suggests that nucleation and growth to consume 
FeO is much faster than nucleation and growth to consume MnO∙SiO2 inclusions.  
Large and compact inclusion morphologies float out more readily than open 
network clusters. The absence of dendrites in the two-stage deoxidation method suggest 
that heterogeneous nucleation and growth on MnO∙SiO2 inclusions might be a preferred 
route for forming large and more buoyant inclusions. However, more research is needed to 
understand the role reactions with FeO on the final inclusion cluster density. 
 
 
Figure 16. FeO-Al2O3 phase diagram 
[14]
. At 1600ºC, possible inclusion phases are 






Figure 17. Schematic of the inclusion morphologies with time for the two stage 
deoxidation of combined Mn and Si followed by Al addition, and for single Al 
deoxidation. Nucleation and growth on MnO·SiO2 inclusions is controlled by diffusion 
through the Al2O3 product layer. Nucleation and growth on FeO is controlled by Al 




4. SUMMARY AND CONCLUSIONS 
 
Two-stage deoxidation using combined Mn and Si deoxidation followed by Al 
deoxidation and a single-stage Al-deoxidation experiments at three different [O] levels 
were performed to study the effects of pre-existing MnO-SiO2 and FeO inclusions on the 
size and morphology of the final Al2O3 inclusions.  
The conclusions from this study are: 
Preexisting MnO∙SiO2 inclusions 
 The reaction of Al with preexisting MnO∙SiO2 inclusions resulted in complex 
Al2O3∙MnO∙SiO2 cored inclusions that was surrounded by an Al2O3 reaction layer. At 
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the interface between the Al2O3 and the MnO∙SiO2 phase metallic manganese and 
silicon droplets were observed. This inclusion type was observed at 10 seconds, 1 
minute, and 2 minutes after deoxidation. The transformation appears to be controlled 
by Al diffusion through the Al2O3 product layer and appears to be sluggish. 
 Comparisons of the area fraction (AF) of the preexisting MnO∙SiO2 inclusions and 
Al2O3 showed a smaller AF of Al2O3 inclusions. The AF of Al2O3 decreased with 
deoxidation time and suggests removal occurred by floatation or possibly attachment 
to the sampler shell. 
 The morphology of Al2O3 inclusions after extraction were spherical, angular, and 
clustered. The spherical and angular morphologies are believed to result from the 
reaction with the preexisting MnO∙SiO2 inclusions. Mn and Si were detected in these 
Al2O3 inclusions. No dendrites were observed. Cluster branches were needle-like and 
faceted. These faceted morphologies are characteristic of growth under conditions of 
low supersaturation and appear to be driven by consumption of dissolved oxygen in the 
first deoxidation step. 
Preexisting FeO inclusions 
 FeO rich inclusions were observed before deoxidation at the three different oxygen 
levels. These inclusions were spherical after extraction and the average size and area 
fraction increased with increasing dissolved oxygen content. 
 Two phase FeO/Al2O3 inclusions were observed only with the 1 second deoxidation 
quench samplers and the growth of Al2O3 was observed to occur from a single 
nucleation site on the FeO-Al2O3 interface, rather as a ring.  No metallic Fe droplets 
were observed at the FeO-interface, suggesting that Al from the steel oxidizes at the 
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Fe-FeO interface, enters the FeO droplet as dissolved (Al2O3) and the precipitates at 
the FeO-Al2O3 interface. 
 Mixed FeO-Al2O3 inclusion morphologies were no longer observed at deoxidation 
times of 1 minute or greater, suggesting that heterogeneous nucleation and growth to 
consume the preexisting FeO inclusions occurs very rapidly. 
 The average size and area fraction (AF) of the spherical Al2O3 inclusions for the 
experiments at the three different oxygen levels were larger than those for the 
preexisting FeO inclusion population. The average size and AF of the spherical Al2O3 
inclusions was also largest at the highest oxygen level studied. All experiments were 
performed at same supersaturation levels and the increased size and AF of Al2O3 appear 
to be primarily due to the presence of preexisting FeO inclusions.  
 The morphology of Al2O3 inclusions after extraction were dendritic and cluster-like. 
Cluster branches were needle shaped. No Faceted morphologies were observed. Within 
the clusters, relatively large spherical inclusions were observed.  These are believed to 
result from the reaction of Al with FeO. Because the dissolved oxygen in steel after the 
heterogeneous reaction is still high, continued reaction of Al with this oxygen resulted 
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V. EFFECT OF PRE-EXISTING INCLUSIONS ON THE SIZE AND 
MORPHOLOGY OF Al2O3 INCLUSIONS-PART 2: SINGLE STAGE 
DEOXIDATION WITH VARYING LEVELS OF SUPERSATURATION 
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Deparment of Material Science and Engineering, Missouri University of Science and 
Technology, Rolla, MO 65409 
ABSTRACT 
The effect of supersaturation and steel composition on the morphology of Al2O3 
inclusions were investigated. Thermodynamic calculations with Factsage 7.0® were used 
to predict the degree of supersaturation and select the starting aluminum and oxygen 
amounts for the experiment. Deoxidation experiments were performed by melting the 
charge material and using specially designed samplers to study the local deoxidation 
reactions. The inclusions in the collected steel samples were analyzed on filter paper in 3-
D after extraction from the steel. The observed Al2O3 morphologies consisted of dendrites 
and clusters and results showed that increasing supersaturation had the strongest influence 
on the length of the dendrite. The observed clusters resulted from collision, heterogeneous 
nucleation and growth on existing Al2O3 inclusions, and possibly oxygen gradients and 









The removal of inclusions from liquid steel is favored by a large size, high 
interfacial energy between the inclusion and the steel, and large contact angles between the 
inclusion and steel in a steel-inclusion-gas system [1, 2]. Al2O3 inclusions have high 
interfacial energies and contact angles of greater 90 degrees but these inclusions exist in 
various shapes that can influence their ability to agglomerate to produce large and dense 
inclusions after collision [4-8].  
The morphology of Al2O3 inclusions are influenced by steel conditions during 
deoxidation such as the active oxygen content of the steel before deoxidation, degree of 
supersaturation of the steel following deoxidation, and the presence of any preexisting 
inclusions in the steel prior to deoxidation [9-11].  
The inclusion morphology can be controlled by the inclusion-steel interface 
kinetics and/or the diffusion of deoxidant and dissolved oxygen to the inclusion-steel 
interface [11, 12]. For an interface kinetic control, the inclusion-steel interface can be flat or 
rough and this results in faceted and spherical inclusion morphologies respectively. The 
transition from a flat interface to a rough interface is related to the level of supersaturation 
following deoxidation; faceted inclusion morphologies are observed at relatively low 
supersaturation levels and spherical inclusion morphologies at higher supersaturation 
levels. Apart from faceted and spherical inclusion morphologies, dendrites and clustered 
Al2O3 morphologies have also been observed. Dendrites are suggested to result from high 
supersaturation, unstable interface and solute diffusion control and clusters from inclusion 
collision and agglomeration [13].  
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This study is a continuation of inclusion engineering research that is aimed at 
promoting the formation of large inclusions at the appropriate stage in the steelmaking 
process that are easier to remove from liquid steel. In this study, the effects of dissolved 
oxygen, final Al-content and level of supersaturation are investigated. Deoxidation 
experiments were performed using specially designed samplers to isolate and examine the 
local deoxidation event at different times after deoxidation and for different [Al] and [O] 
contents. Samples were quenched after several different hold times following deoxidation 
and the resultant inclusion analysis were performed on filter paper in 3-D after inclusion 
extraction from the steel. 
 
2. EXPERIMENTAL DESIGN AND SAMPLING PROCEDURE 
 
Al-deoxidation experiments were performed using a common steel melt with 
increasing amounts of starting dissolved oxygen. Charge materials consisting of 
electrolytic iron and carbon were melted in a 100 lb. capacity induction furnace. The 
temperature of the steel bath increased to 1600⁰C after melting the charge under an argon 
cover. Table 1 shows the composition of the charge material. The oxygen content of the 
steel was controlled by blowing oxygen on steel bath, followed by argon shrouding of the 
bath surface. Dissolved oxygen measurements were taken with a Celox® probe. 
 
Table 1. Composition of electrolytic iron charge material, ppm. 
C Al Mn Si Ti O 




Two sampler types were used for this study; a rapid quench sampler for 
characterizing the inclusions at the very early times after deoxidation (≈1 second), and a 
ceramic shell sampler for characterizing the inclusion population at 1 minute and 4 minutes 
after deoxidation.  Figure 1 shows a schematic of both sampler types. The samplers allowed 
different experiments to be performed with the same steel melt. 
The rapid quench sampler consisted of a Cu-chill and an 8mm diameter quartz tube 
with 0.1g Al wire placed inside. The steel was sucked through the tube, deoxidized by the 
Al wire, and solidified quickly on contact with the Cu chill. The distance between the 
position of the Al-wire and Cu chill was 80 mm and the estimated quench time after 
deoxidation was approximately 1 second 
The ceramic shell sampler consisted of zircon shell with two openings: a steel inlet 
and gas out. Solid pieces of Al placed within the sampler for deoxidation. When fully filled, 
the mass and volume of steel were approximately 224g and 29cm3 respectively. Samples 
taken with the ceramic shell sampler were quenched in a water bath after hold times of 1 
minute and 4 minutes in the high oxygen steel bath. 
 
                    
                                      (a)                                                  (b) 
Figure 1. (a) Early stage sampler and (b) Ceramic shell sampler. Early stage sampler was 
used to take samples within 1second of deoxidation while the ceramic shell sampler was 
used to take samples at 1minute and 4 minute hold times after deoxidation. 
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Before performing the experiment, thermodynamic calculations were conducted 
with Factsage 7.0® using the appropriate charge composition to predict the degree of 
supersaturation and select target [Al] and [O] contents for the experiment. Calculations 
were performed at 1600⁰C using the FactPS, FTMisc, and FToxid databases. Figure 2 
shows the predicted inclusion phases at different [O] levels in the steel. Beyond 500ppm 
[O], only liquid inclusions were predicted and these were composed predominantly of FeO. 
Equation 1 shows the relationship for the supersaturation ratio (Π). Three levels of 
supersaturation were estimated with FactSage 7.0® and selected for this study. The 
supersaturation ratios were log Π =5.5, log Π = 6.4, and log Π = 7.2. The targeted starting 
dissolved oxygen content in the steel at the different levels of supersaturation were 600 
ppm [O] and 1100ppm [O]. Figure 3 shows the aluminum-oxygen deoxidation equilibria 
and the locations of the starting and final [Al] and [O]. Table 2 is a summary of the targeted 
steel compositions and estimated supersaturation levels for the experiment. The different 
steel [Al] and [O] were selected to study the effect of supersaturation, active oxygen, and 
final [Al] on the morphology of Al2O3. 
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Figure 2. Predicted inclusion phases with Factsage 7.0®. Above 500ppm [O], only liquid 

















[Al], wt.% Log Π 
600 0.79 5.5 
600 0.08 6.4 




3. RESULTS AND DISCUSSION 
 
Figure 4 shows the change in dissolved oxygen content during the experiment and 
the actual dissolved oxygen levels where the deoxidation and sampling was conducted. The 
oxygen levels tested were 612 ppm [O], and 1071 ppm [O]. Table 3 is a summary of the 
collected steel samples with the ceramic shell sampler. Blank ceramic shell samplers with 
no Al addition were also taken before those containing Al deoxidant to characterize the 
preexisting inclusion population.  
A rapid quench sample was only taken at 287ppm [O], as we were unable to take 
samples at 612ppm [O], and 1071ppm [O] because of difficulties in obtaining viable melt 
samples at these conditions. 
 
Table 3. Steel ceramic shell samples. No-alloy samples were taken to characterize pre-













612 0.79 ✔ ✔ ✔ 
612 0.08 ✔ ✔ ✔ 






Figure 4. Liquid steel temperature and active oxygen measurements. Temperature 
and active oxygen were measured with a Celox/thermocouple probe. Arrows indicate 
respective steel active oxygen levels during sampling. A total of 4 to 5 samples were 
collected at each [O] level. 
 
The inclusions in the collected samples were extracted to study their 3-D 
morphology and size. Extraction was performed via electrolysis with a 2v/v% tri-
ethanolamine, 1g/v% tetra-methyl-ammonium chloride, methanol solution. This was done 
according to the method described previously by the authors [9, 10]. After steel dissolution, 
the solution was filtered through a 0.2µm polycarbonate filter and the inclusions collected 
on the filter paper were gold coated prior to SEM/EDS analysis. The total mass of steel 
dissolved was approximately 0.05g for all samples.  
Before performing an analysis of the inclusions in the samples, an attempt was 
made to verify the dissolved Al levels predicted by FactSage® using an atomic absorption 
spectrometer (AAS) on samples where inclusions were extracted. Steel samples weighing 
approximately 0.2g were dissolved in HCl which had been heated to 70ºC. After 









































filtered solution was used for dissolved Al measurements. The time for dissolution was 
approximately 24hrs. 
A 1mg/ml Al-standard solution which was purchased from a commercial vendor 
was used to calibrate the equipment. The tests were performed with an Al-Si lamp and 
using a nitrous oxide/acetylene flame. The flame height and flow rate were optimized 
before the testing. Tests were done according to the recommended procedure for measuring 
aluminum [8]. 
The results showed the dissolved Al levels measured by AAS were generally within 
the levels expected based on thermodynamic calculation, but had a large variation. Table 
4 shows the results of the AAS measurements. Also shown are total Al measurements on 
the same samples. Total Al was measured with a Leco® arc spectrometer. 
 











Al, wt. % 
(Arc. Spec.) 
612 0.79 0.60±0.30 1.12±0.07 
612 0.08 0.1 0.13±0.07 
1071 0.08 0.01 0.35±0.2 
 
3.1. Al2O3 MORPHOLOGIES AFTER EXTRACTION 
Inclusion analysis performed on the samples taken before deoxidation at different 
starting dissolved oxygen documented the presence of FeO inclusions in the melt prior to 
deoxidation. The characteristics of these inclusions are reviewed in part 1 of this study.  
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At 1 second after Al deoxidation, single and two-phase spherical inclusions and 
Al2O3 clusters were observed. Spherical morphologies were predominant and Al2O3 
clusters were infrequent. Figure 5 shows the morphologies of these Al2O3 inclusions. The 
average composition of the single phase spherical Al2O3 inclusions and clusters was 
approximately 65wt. % Al2O3 and 35wt. % FeO, as determined by SEM-AFA analysis.  
For the two-phase FeO- Al2O3 inclusions, the composition of the Al-rich phase was 
approximately 20wt. % Al2O3 and 80wt. % FeO. 
At 1 minute and 4 minutes after deoxidation and at the three levels of 
supersaturation studied for this experiment, the Al2O3 morphologies were observed to be 
predominantly dendrites and clusters. Figure 6 shows the Al2O3 morphologies at a 1 minute 
hold time after deoxidation and Figure 7 shows the Al2O3 morphologies at a 4 minute hold 
time after deoxidation. 
At the 1 minute hold time after deoxidation, well defined dendrites were observed. 
The dendrites had single and multiple primary and secondary dendrite arms and their tips 
showed evidence of coarsening: Small spherical shapes were observed at the dendrite tips. 
Examples of the Al2O3 dendrites are shown in Figure 6a and Figure 6b.  
Dendrites observed at a 4 minutes holding time after deoxidation were less defined; 
coarsening was observed not only at dendrite tips but also along the arm lengths. Examples 
of these dendrites are shown Figure 7a and Figure 7b. In some cases, secondary dendrite 
arms were absent. It is possible that some of the small spherical shapes that were observed 
at dendrite tips after 1 minute fractured during the 4 minute hold.  
Al2O3 clusters consisted of both spherical and dendritic inclusions. Observed within 
the clusters were relatively large spherical inclusions that appeared to act as nuclei for 
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further heterogeneous nucleation and growth. Figure 8 compares the area fractions (AF) of 
the spherical Al2O3 at the different deoxidation hold times and for the three different 
supersaturation levels studied. These plots are based on AFA analysis on the 2D-cross-
section and the criteria for a spherical Al2O3 was an aspect ratio between 1 and 2. Plots at 
log Π =5.5 and log Π =6.4 show a smaller AF after the 4minutes deoxidation hold time and 
suggests possible Al2O3 flotation. Both spherical and dendritic morphologies were 
observed to grow from these large round inclusions 
Clustered branches observed at a 1 minute hold time after deoxidation had needle-
like morphologies. An example is shown in Figure 6e. At 4 minutes holding time after 
deoxidation, branches showed evidence of coarsening and possible fracture (Figure 7c). 
These clusters also appeared to be less dense than those observed after 1 minute and in 
these clusters, it was more difficult to identify dendrite arms. 
 
   
 
                    (a)                                            (b)                                          (c) 
 
Figure 5. Al2O3 morphologies at 1second after deoxidation (a) Two phase Al2O3-FeO 
inclusion, (b) spherical, and (c) Cluster. Inclusions observed after 1second were 





                         
 
                                         (a)                                                   (b)           
 
                        
                  
                                        (c)                                                  (d)   
 
                                               
 
                                                                    (e)  
 
Figure 6. Al2O3 morphologies at 1minute deoxidation hold time. (a) 600 ppm [O], 
0.79wt.% Al, (b) ) 1071 ppm [O], 0.08wt, (c) 600 ppm [O], 0.08wt.% Al, (d) 1071 ppm 
[O], 0.08wt.% Al, and (e) 600 ppm [O], 0.79wt.% Al. Yellow  arrows show large 
spherical inclusions that were observed within clusters. These inclusions acted as nuclei 
for further nucleation and growth of Al2O3. 
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                                   (a)                                                                     (b)              
 
   
 
                                (c)                                                                      (d) 
 
Figure 7. Al2O3 morphologies at 4minutes deoxidation hold time. (a) 600 ppm [O], 
0.79wt. % Al, (b), (c), 600 ppm [O], 0.08wt. % Al, (d) 1071 ppm [O], 0.08wt. % Al. 







                 
                                   (a)                                                             (b)              
 
 
     (c) 
Figure 8. Comparisons of the AF of spherical Al2O3 at (a) log Π =5.5, (b) log Π = 6.4, 
and (c) log Π = 7.2. Plots at log Π =5.5 and log Π = 6.4 show smaller AF after 4minutes 
deoxidation hold time and suggests flotation. 
 
3.2. FORMATION OF Al2O3 MORPHOLOGIES 
Dendrites are suggested to result from high supersaturation, unstable interface, and 
solute diffusion control [11, 12]. The presence of Al2O3 dendrites at the three different levels 
of supersaturation studied for this experiment suggests that a supersaturation level of log 
Π =5.5 and above is sufficient to promote dendritic growth. Besides supersaturation, 




Primary dendrite arm lengths were measured for a minimum of 50 extracted 
inclusions from the samples that were taken after 1 minute deoxidation hold times and at 
the three levels of supersaturation that were tested. Figure 9 shows an example of the 
dendrite length measurement and Figure 10 shows the results from these measurements. 
Also included in Figure 10 are dendrite arm length measurements taken from the previous 
deoxidation study discussed in part 1 that was performed at the same level of 
supersaturation but with different starting dissolved [O]. These samples were also taken 
after a 1 minute hold times after deoxidation.  
For samples taken at the same level of supersaturation but with different starting 
dissolved [O], the primary dendrite arm length increased only slightly with increasing 
starting dissolved [O]. However, the dendrite arm lengths increased much more strongly 
with increasing supersaturation. The average lengths of the primary dendrite arms were 
11.5µm, 14.3 µm, and 20.3 µm. More dendrites were also observed on the filter paper after 
extraction in the sample that was taken at the highest level of supersaturation.  
The results of these measurements suggest that the degree of supersaturation 
following deoxidation has the strongest influence on the length of the primary dendrite arm 
and hence their formation. 
Similar Al2O3 morphologies after 1second of deoxidation were also observed by F. 
B. Pickering [14] and the absence of dendrites in the sample taken after 1second suggests 




   
 
Figure 9. Example of dendrite showing length measurement. 
 
 




Based on the observed cluster morphologies, three possible sources of these 
clusters are: 
(1) Collision and Agglomeration: Evidence of the contact point between two 
dendrites and between a dendrite and spherical inclusion were observed (Figure 6c). These 
clusters were relatively less dense. 
(2) Heterogeneous Nucleation and Growth: Within clusters, relatively large 
spherical inclusions believed to result from the reaction between dissolved [Al] and the 
preexisting FeO were observed. These inclusions acted as sites for further nucleation and 
growth from the reaction between the remaining dissolved [Al] and [O]. Examples are 
shown in Figures 6c and 6d. Both spherical and dendritic growth morphologies were 
observed to grow from these large round inclusions.  
(3) Oxygen gradients and liquid steel convection during nucleation and growth 
of Al2O3: Highly networked clusters that seemed to result from the combination of needle 
growth and tip coarsening were observed. These clusters had few spherical inclusions and 
their internal networks visible. An example is shown in Figure 6e.  
Oxygen is a surface active element and decreases the interfacial energy of steel with 
increasing oxygen amounts [12]. Because of the low oxygen concentrations in the steel 
surrounding an Al2O3 inclusion and higher oxygen concentrations in un-deoxidized steel 
at further distances from the Al2O3 inclusion, the differences in steel interfacial energies 
produces liquid steel and hence, dissolved oxygen and aluminum flow towards the 





4. SUMMARY AND CONCLUSIONS 
 
The effect of the degree of supersaturation and steel composition on the 
morphology of Al2O3 inclusions were investigated. The result of this study showed  
1. Inclusions observed at 1 second after deoxidation were predominantly spherical with 
few clusters  
2. At 1 minute hold times and greater, the inclusion morphology was observed to be 
predominantly dendritic and clustered for all three supersaturation levels studied in this 
experiment. This suggests that a supersaturation level of log Π =5.5 and above is 
sufficient to promote dendritic growth.  
3. The larger spherical inclusions observed at 1 minute after deoxidation were scarce after 
4 minutes following deoxidation, suggesting that they may have floated or attached to 
the sampler wall 
4. Dendrites observed after 1 minute deoxidation were well defined and had primary, 
secondary, and tertiary arms. Dendrites observed after 4 minutes deoxidation hold 
times showed evidence of coarsening along dendrite arm lengths. 
5. Clustered branches observed at 1 minute hold time after deoxidation had needle-like 
morphologies. At 4 minutes after deoxidation, the branches showed evidence of 
coarsening and fracture. 
6. Measurement of primary dendrite arm lengths showed the level of supersaturation had 
the strongest influence on the length of the primary dendrite arms and hence dendrite 
growth. The primary dendrite arm length increased only slightly with increasing 
dissolved oxygen content at a fixed level of supersaturation. 
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7. The Observed clusters resulted from collision, heterogeneous nucleation and growth, 
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3. CONCLUSIONS AND FUTURE WORK 
3.1. CONCLUSIONS  
Inclusion size distribution and distribution shape can provide information about the 
age of the inclusion population, flotation, and nucleation and growth mechanisms. 
The oxide inclusion size distribution was found to be lognormal or fractal 
depending on the stage in the steelmaking process and comparisons of inclusion analysis 
on the 2D polished cross sections and of the same inclusions on filter papers after extraction 
showed similar inclusion composition and same size shape of the size distribution.  
The shape of the oxide distribution at the LMF of a mini mill were observed to 
evolve from quadratic, to semi-quadratic (after desulfurization) and finally linear after Ca 
treatment. This result suggested inclusion nucleation after deoxidation and growth from 
stirring. There was an observed increase in small inclusions after desulfurization and Ca 
treatment and was likely due to growth of small inclusions not originally detected in prior 
samples by AFA analysis. At the tundish, reoxidation changed the shape of the inclusion 
size distribution from linear after Ca treatment to quadratic. This distribution shape was 
preserved in mold and coil samples. 
The Schwartz-Saltykov method for transforming the 2D data to the 3D data was 
found to underestimate the size distribution because of assumptions on the maximum 
inclusion size and the inability of AFA to capture and measure inclusions which are less 
  
124 
that 0.5µm. An increase in the maximum inclusion size by about 50% produced the best fit 
between the transformed data and the actual distribution.  
The Eberl model parameter fit trends suggested that an instantaneous or a 
decreasing nucleation rate and surface-controlled growth controls the evolution of the 
inclusion population in samples taken after deoxidation and before desulfurization. The 
model also suggested that surface-controlled growth controls the evolution of the inclusion 
population after desulfurization and Ca treatment. The model could not however, be used 
explain observed trends in the tundish and mold, suggesting that more work is needed to 
adapt the Eberl model for use in steelmaking 
MnO∙SiO2 and FeO inclusions were observed before deoxidation in two separate 
experiments to study their effects on the size and morphology of Al2O3 following Al-
deoxidation. The FeO inclusions were observed in steel containg three different amounts 
of active oxygen content and suggests FeO can be stable in liquid steel. The steel active 
oxygen contents were 287ppm [O], to 612 ppm [O], and 1071 ppm [O] and the size and 
area fraction of the preexisting FeO increased with increasing active oxygen.  
Nucleation and growth of Al2O3 on FeO and MnO∙SiO2 inclusions were observed 
in steel samples that were taken at very short times after Al-deoxidation.  
The transformation from MnO∙SiO2 to Al2O3 was observed to be sluggish and 
controlled by Al diffusion through the Al2O3 product layer. The Al2O3 morphologies after 
extraction were spherical, angular, and clustered. The cluster branches showed faceted 
morphologies that are characteristic of Al2O3 growth at very low levels of supersaturation. 
For the FeO to Al2O3 transformation, the transformation was relatively fast and 
possibly controlled by Al diffusion in the liquid steel. The Al2O3 morphologies after 
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extraction were dendritic and clustered. The cluster branches had needle morphologies. 
Within the Al2O3 clusters, large spherical inclusion were observed and acted as sites for 
further nucleation and growth of Al2O3. These large spherical inclusons are believed to 
result from the reaction of Al with the preexisting FeO. The size and area fraction of these 
large spherical inclusions were larger than those of the preexisting FeO at the different 
active oxygen levels studied.  
Deoxidation experiments that were performed at three different degrees of 
supersaturation showed the starting steel active oxygen content during deoxidation and the 
degree of supersaturation following deoxidation to influence the length of dendrites. The 
three levels of supersaturation that were studied were log Π =5.5, log Π = 6.4, and log Π = 
7.2. At all three levels of supersaturation studied, dendrites were observed and suggested 
that a supersaturation level of log Π =5.5 and above is sufficient to promote dendritic 
growth. The length of the primary dendrite arm increased with both active oxygen and the 
degree of supersaturation but the degree of supersaturation was found to have the strongest 
influence on the length of the dendrite. The average lengths of the primary dendrite arm at 
the three levels of supersaturation were 11.5µm, 14.3 µm, and 20.3 µm. 
3.2. FUTURE WORK  
Comparisons between the transformed 2D size distribution of MnO∙SiO2 inclusions 
using the Schwartz-Saltykov method and their actual distributions after the inclusions had 
be extracted and analzed using automated feature analysis (AFA) showed that the 
Schwartz-Saltykov method underestimated the actual size distribution. This was because 
of assumtiontions on the maximum inclusion size and AFA minimum detection size limit.  
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By making estimates on the maximum inclusion size, it was found that a maximum 
size which was 50% greater than the observed 2D maximum size produced the best fit. In 
order to correctly predict what the estimated maximum inclusion size should be, more tests 
on different samples are required. Also, relationships between the 2D and 3D distributions 
when the inclusions are not spheres and testing other methods for converting 2D data to 
3D are required for complete understanstanding of changes between the 2D and 3D size 
distributions.  
The slope of a log-linear distribution can potentially distinguish inclusion types. 
Figure 5.1 shows results on the slope evolution for samples taken at the LMF. The slope in 
seen to approach steady state after Ca-treatment and potentially related to the type and 
shape on the inclusions. Investigating further the relationship between the slope and 
inclusion characteristic would provide a useful tool for understanding inclusion flotation. 
 
 
Figure 5.1. Evolution of the slope of the fractal/linear inclusion size distribution with 
process stage. The slope is observed to decrease with time and process stage and is 




The study on the effects preexisting FeO, starting active oxygen, and degree of 
supersaturation following Al-deoxidation on the size and morphology of Al2O3 inclusions 
showed that FeO inclusions can exist in liquid steel and that increasing the starting oxygen 
increased the size of FeO. The results also showed the Al2O3 inclusions to be spherical and 
larger after reacting with FeO and that the degree of supersaturation following deoxidation 
had the most influence on the length of the dendrites.  
To quantify the flotation characteristics at the different starting oxygen contents 
and degree of supersatration, a more detailed study on inclusion flotation with time and a 
method to better characterize the Al2O3 clusters is required. Also, elements such as oxygen 
and sulfur are surface active elements that reduce the inclusion steel interfacial energy as 
their amounts are increased. Understanding the flotation characteristics in steel containing 
different amounts of such elements would also further improve understanding and help 
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